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Abstract
This experimental work shows the different parameters influencing the strain rate sensitivity
behaviour of automotive sheet steel grades in crash conditions. Most investigations have been
performed in the strain rate range [10-3-200s-1] and temperature range [233-373K] with
servohydraulic tensile testing machines. Additional Split-Hopkinson bar testing results up to 103s-1
have also been included at room temperature. The focus has been laid on the “apparent” strain rate
sensitivity, determined based on multiple dynamic flow curves at constant strain rate in a semi-
logarithmic (10 values) or logarithmic (m values) way.
It has been shown that the dynamic behaviour in the investigated strain rate and temperature range
is clearly thermally activated for a wide range of automotive sheet steels. This means that an
increase in strain rate is nearly equivalent to a decrease in temperature. The strain rate sensitivity
values are dependent on the strain rate range considered, as well as on the temperature and plastic
deformation range chosen. The strain rate sensitivity decreases with increasing plastic strain level
due to a gradual exhausting of work hardening potential combined with adiabatic softening effects.
The strain rate sensitivity increases with decreasing temperature or increasing strain rate, which is
often omitted when considering literature data.
The strain rate sensitivity is also dependent on the microstructure investigated. The strain rate
sensitivity decreases strongly with increasing strength level, especially below 400MPa yield
strength or 500MPa tensile strength, and is stabilised at a low level for AHSS and UHSS steel
grades. The strain rate sensitivity decreases for single phase ferritic mild, HSS and HSLA steel
grades, mainly due to solid solution alloying with Mn, Si and P elements. Long range mechanisms
such as precipitation hardening, grain refinement or cold work do not influence the strain rate
sensitivity. With increasing second hard phase content, the strain rate sensitivity decreases due to
the decrease of relative volume content of strain rate sensitive ferrite in multiphase steels.
The TRIP effect decreases the strain rate sensitivity in low alloy TRIP steels in comparison to
dualphase steels. High alloy TRIP steels show some negative strain rate sensitivity in the low strain
rate and high strain range. A significant decrease in the TRIP effect intensity is seen at strain rates
above 1s-1 at high strain level, which is related to an adiabatic temperature increase.
Uniaxial, plane strain or biaxial pre-straining up to around 0,10 equivalent strain does not influence
the strain rate sensitivity of sheet steels in comparison to the as-delivered material. A bake
hardening heat treatment with or without pre-straining does not influence the strain rate sensitivity
significantly neither. Forming and/or bake hardening does not affect particularly the subsequent
strain rate sensitivity in crash conditions. Cold work or bake hardening introduces obstacles to
dislocations, which are rather of athermal nature, so that the strain rate sensitivity is not influenced.
For high alloy TRIP steels, the magnitude of subsequent TRIP effect is increased with increasing
pre-straining level, which slows down adiabatic stress softening quite effectively.
This experimental work allows some reliable comparisons between different alloying concepts and
helps to identify the parameters influencing effectively the strain rate sensitivity, such as strain rate,
temperature, plastic deformation, solid solution alloying, second phase hardening and TRIP effect.
This work delivers additionally a wide database for strain rate sensitivity values of automotive sheet
steel grades, which can be referred to for further experimental and modelling investigations.
Kurzfassung
Diese experimentelle Arbeit stellt die wichtigsten Einflussparameter auf die
Dehnratenempfindlichkeit von industriellen Karosseriestählen im Dehnratenbereich [10-3-200s-1]
und Temperaturbereich [233-373K] mit servohydraulischen Schnellzerreißzugprüfmaschinen dar.
Einige zusätzliche Split-Hokinson bar Prüfungen bis 103s-1 bei Raumtemperatur sind ebenfalls
miteinbezogen. Die Dehnratenempfindlichkeit wurde auf der Basis von dynamischen Fließkurven
bei steigenden Dehnraten ermittelt. Die halb-logarithmische 10 und logarithmische m
Dehnratenempfindlichkeit wurde dabei berechnet.
Das dynamische Verformungsverhalten wird mit dem Modell des thermisch aktivierten Fließens
zuverlässig widergespiegelt. Dabei wirkt sich eine Erhöhung der Dehnrate ähnlich wie eine
Abnahme der Temperatur auf die dynamische Fließspannung aus.
Die Dehnratenempfindlichkeit von Stählen weist eine starke Abhängigkeit vom betrachteten
Dehnratenbereich, sowie von der Temperatur und plastischen Dehnung auf. Die
Dehnratenempfindlichkeit nimmt mit steigender plastischer Dehnung ab. Dies ist sowohl auf ein
Ausschöpfen des Verfestigungsvermögens als auf adiabatische Effekte mit steigender Dehnung
zurückzuführen. Die Dehnratenempfindlichkeit steigt mit zunehmender Dehnrate bzw. tieferer
Temperatur.
Die Dehnratenempfindlichkeit ist ebenfalls stark vom Werkstoffgefüge abhängig. Die
Dehnratenempfindlichkeit nimmt mit steigendem Festigkeitsniveau ab, besonders unterhalb
400MPa Streckgrenze bzw. 500 MPa Zugfestigkeit, und stabilisiert sich bei einem niedrigen Wert
für höherfeste Stähle.
Die Dehnratenempfindlichkeit nimmt für einphasige ferritische weiche, HSS und HSLA Stähle ab,
hauptsächlich wegen der Entfestigungswirkung einer Mischkristallegierung mit Legierungs-
elementen wie Mn, Si and P. Weitreichende Verfestigungsmechanismen wie Ausscheidungs-
härtung, Kornfeinung oder Kaltverfestigung zeigen dagegen keinen Einfluss auf die
Dehnratenempfindlichkeit. Mit steigendem athermalem hartem Phasenanteil nimmt die
Dehnratenempfindlichkeit ab, infolge der relativen Volumenabnahme vom thermisch aktivierbaren
ferritischen Phasenanteil in Mehrphasenstählen.
Niedriglegierte TRIP-Stähle weisen eine niedrigere Dehnratenempfindlichkeit im Vergleich zu
Dualphasenstählen auf. Metastabile hochlegierte austenitische TRIP-Stähle zeigen eine negative
Dehnratenempfindlichkeit im niedrigen Dehnratenbereich bei hohen Dehnungen. Eine signifikante
Abnahme des TRIP-Effekts wird bei Dehnraten über 1s-1 bei hohen Dehnungen festgestellt. Dies ist
die adiabatische Erwärmung zurückzuführen.
Uniaxiale, plane strain oder biaxiale Vorverformungen bis zu 0,10 equivalenter Mises Dehnung
beeinflussen nicht die Dehnratenempfindlichkeit von Stählen im Vergleich zum Ausgangszustand.
Eine bake hardening Wärmebehandlung mit oder ohne Vorverformung zeigt ebenfalls keinen
bedeutenden Einfluss auf die Dehnratenempfindlichkeit von Stählen. Vorverformung oder
Wärmebehandlung weisen einen eher athermalen Charakter auf.
Der TRIP-Effekt wird bei hochlegierten TRIP-Stählen mit zunehmender Vorverformung deutlicher.
Aufgrund der abnehmenden Restduktilität verlangsamt eine Vorverformung wirksam eventuelle
adiabatische Entfestigungseffekte. Der TRIP-Effekt wird dadurch nicht so stark unterdrückt wie im
Ausgangszustand bei hohen Dehnungen.
Diese Arbeit liefert zuverlässige Vergleiche zwischen verschiedenen industriellen Karosseriestählen
auf einer breiten experimentellen Basis. Dies hilft zur Identifizierung der wichtigen Einflussgrößen
auf die Dehnratenempfindlichkeit, wie Dehnrate, Temperatur, adiabatische Erwärmung, plastische
Dehnung, Mischkristallhärtung, Zweitphasenhärtung und TRIP-Effekt.
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1. Introduction
Crash simulations are nowadays a fully integrated autobody design tool in order to assess the
crashworthiness of automotive prototypes. In the mean time, crash simulation can help for
lightweight design of crash components by taking advantage of the dynamic flow stress increase at
higher strain rate and reduce this way the required sheet thickness [1]-[3].
Dynamic flow curves at constant strain rate in the strain rate range [10-4-103s-1] are required as FEM
input data. The low and intermediate strain rate range [10-4-200s-1] is covered by servohydraulic
dynamic tensile testing machines. The higher strain rate range [200-103s-1] can only be tested
properly with the Split-Hopkinson bar technique. The finer the simulation mesh, the more accurate
are the simulations and the higher the strain rate level can occur locally in crash simulations. In
most cases however the need for dynamic data is limited to the strain rate range [10-4-200s-1].
Dynamic flow curves in the strain rate range [10-4-200s-1] are mainly determined with
servohydraulic dynamic tensile testing machines. Dynamic compression or shear tests play only a
marginal role for dynamic sheet material testing. Although widely used, the dynamic tensile testing
method is not yet standardised on an ISO level as for quasistatic tensile testing. The main difficulty
consists in harmonising the dynamic sample geometry to be used, the testing techniques to reduce
inertia effects and the analysis algorithm for dynamic flow curve determination.
Dynamic flow curves can be used in different ways for crash simulations. Representative
experimental dynamic flow curves can be implemented directly with increasing strain rate. Another
method consists in modelling the experimental dynamic flow curves with a global mathematical
model taking into account strain, strain rate and temperature for the flow curves description.
Dynamic models are implemented increasingly in commercial FEM softwares, so that the
modelling approach gains always more importance. The correct modelling choice depends on the
strain, strain rate and temperature range to be considered. For automotive application, the strain rate
varies from 10-4 up to 103s-1. The temperature ranges from -40 up to 100°C. The true plastic strain
during deformation reaches up to 1,0. According to the accuracy needed, different models can be
chosen. In this investigation, the accuracy of different dynamic models is compared.
The crash energy absorption capability of sheet materials is mostly determined up to a limited
deformation level (10% strain for example), since deformation up to failure is not allowed in a crash
event. In this case the benefits of high ductility vanish. Additionally to the absolute yield strength
level, the strain rate sensitivity of yield strength becomes one relevant factor in order to monitor the
energy absorption with increasing strain rate [4]. The strain rate sensitivity factor m however cannot
be considered as a material constant but depends on the strain, strain rate and temperature, which is
often omitted when considering literature data.
It is the aim of following investigation to identify the influence parameters on the strain rate
sensitivity, such as testing and analysis method, strain, strain rate, temperature, microstructure or
material pre-strain. A large amount of automotive sheet steel grades has been considered in the
frame of this investigation, in order to gain some general knowledge about the dynamic behaviour
of automotive sheet steels.
In the intermediate strain rate range, all steels have been tested with the same servohydraulic testing
machines, testing method and analysis software at the IEHK institute. This allows a reliable
comparison of testing data, which is otherwise not possible with available heterogeneous literature
data. The theory of thermal activation has been used for a physical interpretation of the strain rate
sensitivity results.
2     Literature review
2. Literature review
The following chapter gives some background information in the literature about the strain rate
sensitivity of sheet steels. The strain rate sensitivity is mentioned very often in the literature, which
definition is precised in this chapter.
Dynamic flow curve modelling should take into account parameters such as strain, strain rate and
temperature in order to capture accurately the strain rate sensitivity behaviour of materials. A short
overview of modern modelling approaches is given therefore. The ability of such models to take
into account accurately the non linear behaviour of the strain rate sensitivity, over a wide range of
testing parameters, has been investigated critically on a set of experimental data.
Since dynamic testing is usually performed under adiabatic conditions, it is also important to
understand the adiabatic heating effects, which affects directly the strain rate sensitivity with
increasing strain and strain rate level. Some analytic modelling approach has been implemented in
order to perform the adiabatic-isotherm correction of experimental dynamic flow curves.
The theory of thermal activated flow is also presented since this mechanism prevails in the low and
intermediate strain rate range up to 10³ s-1 considered in this investigation. The effect of strain rate
and temperature on the strain rate sensitivity can be well quantified with this theory.
Finally a literature overview has been performed about the strain rate sensitivity of sheet steel
grades. The influence of strain, strain rate, temperature, microstructure, bake hardening and
pre-straining is summarised from previous literature investigations.
2.1. Strain rate sensitivity definition
The strain rate sensitivity describes the dynamic material behaviour, and is therefore an important
mechanical property to be determined ([5], [6]). The strain rate sensitivity is defined by its relation
to the plastic flow curve, and not to the engineering stress-strain curve. The definition of the strain
rate sensitivity is indeed based on true stress values, not on engineering stress values. For this
reason, the tensile strength cannot be used as such, since this is an engineering stress value. Only
the yield strength Rp0,2 can be used directly, since it corresponds approximately to the flow stress
value true,0,2%.
There are many definitions available for the strain rate sensitivity in the literature. Jump tests are
used to deliver the instantaneous value of strain rate sensitivity, without taking into account the
strain path history [7]. The concept of dynamic factors has been used in [8] or [9] for example, as
the ratio of dynamic to quasistatic values, for the yield and tensile strength. The difference between
dynamic and quasistatic tensile strength has been determined as an alternative in [10] or [192], in
order to compare the strain rate sensitivity of the tensile strength for a wide range of materials.
The strain rate sensitivity is however calculated in most publications based on the strain rate
dependency of flow curves. The logarithmic strain rate sensitivity m is originally defined from the
extended Hollomon equation (1) as follows ([11], [12], [13], [14], [15]):
mnk  .. (1)
When defining the strain rate sensitivity, the difference between natural (basis e) and decimal
logarithm (base 10) has to be done. Furthermore, the strain rate sensitivity can be defined, based on
the logarithmic strain rate, in a semi-logarithmic or logarithmic way,  Table 1.
The semi-logarithmic strain rate sensitivity 10 corresponds to the dynamic flow stress increase,
when the strain rate is multiplied by 10 with one order of magnitude increase. This is
experimentally meaningful, since significant effects on the flow stress, beyond usual results
scattering, can only be seen when the strain rate is multiplied by 10. For this reason, the strain rate
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has to be represented in a logarithmic scale. The strain rate sensitivity is related to both true plastic
strain and strain rate considered. The natural logarithmic strain rate sensitivity me is also very often
used, mostly for modelling purposes. Both 10 and m are considered later on in this investigation.
Table 1: Strain rate sensitivity definitions.
Natural semi-logarithmic strain rate sensitivity e [16], [17]
 
))(ln(

d
d
e  (2)
Semi-logarithmic strain rate sensitivity 10 [4], [18] ))((log
)(
10
10 

d
d
 (3)
Natural logarithmic strain rate sensitivity me [19], [20]
 
))(ln(
)ln(


d
dme  (4)
Logarithmic strain rate sensitivity m10 [21], [22]
 
))((log
)(log
10
10
10 

d
dm  (5)
The different strain rate sensitivity definitions are connected to each other. The natural semi-
logarithmic strain rate sensitivity e is not identical to the semi-logarithmic strain rate sensitivity
10:
)10ln(
10 e  since
   
))(log(
.
)10ln(
1
))(ln( 



 d
d
d
d
 (6)
The natural logarithmic strain rate sensitivity me is identical to the logarithmic strain rate sensitivity
m10:
10mme   since
   
))(log(
)log(
))(ln(
ln(




 d
d
d
d
 (7)
The logarithmic strain rate sensitivity m10 can be derived from the semi-logarithmic strain rate
sensitivity 10 as follows:

10
10 .)10ln(
1
m  since      
))((log
.1.
)10ln(
1
))((log
ln(.
)10ln(
1
))((log
log(
101010 





 d
d
d
d
d
d
 (8)
Hence, as soon as 10 or e are determined, it is possible to derive the values of m10 or me  according
to the following equation:

e
emm 10 (9)
This investigation will focus on the semi logarithmic and logarithmic strain rate sensitivity. The
dynamic factors will not be considered, although this is a practical way commonly used in the
literature to quantify the strain rate sensitivity. Strain rate sensitivity and dynamic factors should not
be confused.
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2.2. Dynamic flow curve modelling
Dynamic flow curves are increasingly needed for automotive crash FEM-Simulations. With the
implementation of new models in commercial FEM simulation softwares, model parameters are
required as input data for FEM simulations, based on experimental plastic flow curves.
Experimental representative flow curves must be selected for a definite set of strain rate and
temperatures in order to describe the material behaviour. Each flow curve should be extrapolated at
high strain levels up to at least 1,0. This can be done for each individual flow curve manually or in
the frame of an analytical model. Both methods are presented hereafter.
Each dynamic model is based on a quasistatic model that has been extended in order to take into
account strain rate and temperature effects. Therefore a short review of quasistatic flow curve
modelling behaviour is given here after.
2.2.1. Quasistatic constitutive laws
A large amount of quasistatic flow curve models exists in the literature. While most models fit quite
well with the experimental flow curves up to uniform elongation in the tensile test, the extrapolation
results at higher strains differ quite sensibly, depending on the model considered. Some models are
compared here in order to illustrate these differences and assess the model accuracy. The quasistatic
flow curve of bake hardening steel HX220BD has been chosen [23]. A flow curve determined from
bulge-test at IEHK is also taken as a reference for higher strain levels up to 0,8 [23]. The
determination of flow curves out of bulge tests at IEHK is described more in detail elsewhere [24].
The modelling has been performed however exclusively with the tensile test flow curve. Both
tensile test and bulge-test flow curves have been plotted together and match quite well each other
(Figure 1).
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Figure 1: Flow curve comparison between tensile and bulge-test [23].
Models like Hollomon, Ludwik, Swift, Hockett/Sherby, Voce or Gosh are widely used.
Combinations of models such as the Swift-Voce or Swift-Hockett/Sherby models optimise further
the modelling results. A linear extrapolation at high strains as seen for the bulge-test flow curve is
achieved using for example El-Magd, generalised Voce or Bergström models. Table 2 shows the
corresponding model equations with  true plastic strain,  true stress and C1 to  C6 modelling
parameters.
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Table 2: Quasistatic models: equations.
Model equation
Hollomon [25] 2.)( 1
CC   (10)
Ludwik [26] 3.)( 21
CCC   (11)
Swift [27] 3).()( 21
CCC   (12)
Voce [28] ).exp().()( 3121  CCCC  (13)
Hockett/Sherby [29] ).exp().()( 43122
CCCCC   (14)
Gosh [30] 4).()( 321
CCCC   (15)
Swift-Voce [31] )().1()(.)( 21  VoceSwift CC  (16)
Swift-Hockett/Sherby [32] ).exp(.).()( 63 5421
CC CCCC   (17)
El-Magd [33] )].exp(1.[.)( 4321  CCCC  (18)
Voce generalised [34] )].exp(1).[.()( 4321  CCCC  (19)
Bergström [35], [36]      6).(exp1..)( 454321 CCCCCCC   (20)
Figure 2 shows the extrapolation results for all models investigated. The same fitting strain range
between yield and tensile strength has been chosen for all models. El-Magd, generalised Voce or
Bergström models deliver the highest linear work hardening rate at high strains. The Voce and
Hockett/Sherby models give the lowest flow stress at high strains. The other models deliver
intermediate flow stress levels, with a variable  fitting accuracy. This shows the large scatter that
can be obtained with different models, even for the same initial flow curve and the same fitting
strain range. The fitting results do depend strongly on the strain range chosen for the fitting, even
for the same model chosen. Such discrepancies should be reduced, if the fit range is chosen by
avoiding the beginning of the flow curve, for example between 0,10 true plastic strain and true
uniform elongation. This scatter in the extrapolation results will be also transferred to the dynamic
models. Dynamic models require the same models in order to describe the strain hardening
behaviour of the reference quasistatic flow curve.
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Figure 2: Extrapolation results for quasistatic models (fit range between Rp0,2 and Rm).
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2.2.2. Dynamic flow curves selection
The dynamic behaviour of materials is given with a set of strain rates mostly 1, 10, 100, 250s-1
according to a German dynamic testing guideline for servohydraulic testing [37]. Additionally
higher strain rate from 500 up to 1000s-1, are sometimes required for automotive applications. This
can only be achieved with enough accuracy using the Split-Hopkinson bar technique [23].
In order to determine the dynamic tensile properties, all replicates are taken into account and
average values are determined, based on the engineering smoothed stress-strain curves. This way,
the material scattering is compensated.
In order to fit material models, smoothed plastic flow curves up to uniform elongation are
considered. Among all possible replicates (Figure 3a), only one representative flow curve is
considered for each strain rate. This way a set of representative flow curves is built, which fits the
best into the overall strain rate evolution (Figure 3b).
High strain rate sensitivity materials like mild ferritic steels facilitate the choice of representative
flow curves fitting into the overall strain rate evolution (Figure 3b). AHSS steels however show
some lower strain rate sensitivity, it is often not obvious in this case to distinguish the strain rate
evolution of the flow curves, and the selection procedure of representative flow curves can therefore
be more subjective.
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Figure 3: Manual selection of representative flow curves (S235,[23]).
(a): Experimental flow curves with all replicates; (b): Set of selected representative flow curves.
2.2.3. Dynamic flow curve discretisation
In order to fit dynamic model parameters, it is necessary as a preliminary step to sample the selected
representative flow curves at around 10 to 15 adequately chosen true plastic strain values (Figure 4).
The stress values are interpolated linearly from the experimental values, at adequately chosen strain
values (Figure 5). The fit is then performed on the corresponding stress values, using the non linear
curve fitting option of the “Origin” software.
The flow curves have been smoothed with a spline function, which does not deliver an overall
analytical expression for each flow curve as for analytical polynomials. For this reason the stress
values must be interpolated from smoothed experimental values at fixed predetermined strain
values.
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Figure 4: Sampling of dynamic flow stress values at increasing true plastic strain level (S235, [23]).
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Figure 5: Flow stress vs. strain rate at increasing true plastic strain values (S235, [23]).
2.2.4. Individual dynamic flow curve modelling
One way to proceed with dynamic flow curves, without using the modelling analytical approach, is
to interpolate each flow curve independently, with the same extrapolation method as done with
quasistatic flow curves. The resulting set of data is given as such in the simulation program. The
FEM software interpolates then the flow stress needed for a given strain rate and strain level. This
method is used as a standard by the German steel and car industry [37].
This method is relatively simple to implement, since it is based on the well known quasistatic flow
curve extrapolation methods. This is sometimes the only way to proceed, if the implemented models
in the FEM software are not satisfying or not yet implemented.
Difficulties arise however when a decrease of uniform elongation happens to be correlated with
increasing strain rate, especially for mild steels. Dynamic tensile flow curves, as in the quasistatic
case, can only be calculated up to uniform elongation based on the sample volume constancy. If the
strain range available for fitting is reduced because of lower ductility at high strain rate, this affects
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the high strain modelling accuracy. It is besides relatively time consuming to extrapolate each
single flow curve individually. This method also depends on the model and strain range chosen for
the modelling fitting.
Extrapolated flow curves for different strain rate often cross each other at higher strains with this
method. This flow curve cross over is not physically correct, so that some flow curves have
sometimes to be omitted (Figure 6). Generally, the more replicates are tested, the easier is it to find
a representative set of dynamic flow curves with satisfying high strain extrapolation results.
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Figure 6: Crossing of extrapolated dynamic flow curves (schematic illustration).
2.2.5. Dynamic constitutive modelling
Instead of fitting each flow curve individually, a best fitting model based on the whole set of
dynamic flow curves can also describe analytically the overall strain rate, temperature and strain
dependency of flow curves. The experimental flow curves are fitted altogether with an optimisation
algorithm, so that the best fitting result is reached. Model parameters instead of experimental flow
curves are then given as input data for the FEM simulation.
2.2.5.1. Determination of model parameters
For an optimum optimisation result, it is important to consider at once a representative set of
experimental flow curves at different strain rates. After sampling some representative strain values,
as well as the corresponding stress values for different strain rates, the model parameters are
determined using themultifit capability of the software “Origin®” (non linear curve fitting option).
The strain values are considered as unshared parameters, not as variables, when performing the
fitting algorithm. The unique independent variable to be taken into account is the strain rate. The
corresponding stress values are modelled. The model parameters are defined as shared for all flow
curves, so that the best possible values fitting adequately to all flow curves can be determined. This
way of proceeding minimises the experimental scatter.
Similarly it is possible to define the temperature as a unshared parameter, if temperature dependent
flow curves have to be fitted. The physical meaning is lost as soon as the model parameters are set
free during the fitting procedure. For simulation purpose, the purely numerical fitting method is the
best, since some fine tuning can be achieved by varying all parameter in an optimum combination.
However all parameters should not be set free at once, The initial values must be chosen adequately,
otherwise convergence of the fitting algorithm may never be reached.
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2.2.5.2. Dynamic models overview
It is not intended to review all dynamic models available in the literature, there is too many to
mention and this has been done more in details elsewhere [38]. The definition of some commonly
used models is summarised here after:
Cowper-Symonds [39]:
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Johnson-Cook  [40]:
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Johnson-Cook modified [41],[42]:
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Zerilli-Armstrong [43], [44], [45], cubic centred (cc) materials:
 )ln(...exp.).(),,( 65421 3   TCTCCCCT C  (24)
Zerilli-Armstrong [43], [44], [45], cubic face centred (cfc) materials:
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El-Magd-Swift [46]:
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El-Magd modified [194]:
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Tanimura-Ludwik [23], [47]:
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Tanimura-Hockett/Sherby [23], [47]:
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Rusinek-Klepaczko [48], [49]:
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10 Parameter “BMW“ model [32], [38]:
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“Corus“ model [35], [36], [38], [50], [51]:
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Dynamic models mostly differ according to their validity domain. The larger the validity range with
regard to strain, strain rate and temperature, the higher the complexity of the models however.
Cowper-Symonds, Johnson-Cook and “BMW” models are purely mathematical models. The other
models are phenomenological models based on the thermal activation theory combined with
viscosity effects at very high strain rates.
Apart from Cowper-Symonds and “BMW” models, all models take into account the temperature, so
that adiabatic softening can be modelled. Only the Rusinek-Klepaczko model considers the strain
rate dependency of the n-value. The Tanimura-Ludwik model has introduced a parameter, C5 in
equation (28), in order to take into account the decrease of strain rate sensitivity with increasing
strain level.
Some models are additive (El-Magd, Zerilli-Armstrong, Tanimura-Ludwik, “Corus”, Rusinek-
Klepaczko), other are of multiplicative type (Johnson-Cook, „BMW”, Cowper-Symond). Additive
models means that the quasistatic part is added to the dynamic part. A multiplicative model is built
on the multiplication of the quasistatic part, with the dynamic part of the model. The additive
models make more sense according to thermal activation phenomena, according to which an
athermal stress component is added to a thermally activated stress component. Some models also
add a viscosity component, like the Tanimura-Ludwik and El-Magd models, to take into account the
sharp flow stress increase at higher strain rates higher than 500s-1. Both Tanimura-Ludwik and
El-Magd models are very similar, except that the thermal activated part is missing in the El-Magd
model.
2.2.5.3. Comparison of dynamic models
A conventional dualphase steel HCT600XD has been chosen [23]. The validity range of the
previously defined dynamic models is compared by considering the strain and strain rate
dependency of the flow stress. A quasistatic bulge test curve is also plotted as a reference, in order
to estimate the high strain accuracy of the models. However the fitting has only been performed
with the quasistatic and dynamic tensile test flow curves.
The modelled flow stress, at a constant true plastic strain of 0,10, is shown in comparison to
experimental values. At this true strain level, the adiabatic effects are still negligible and the
vibration effects have been sufficiently damped. The accuracy of the different models has been
evaluated with following criteria:
+ For crash simulations, strain rate between 10-4 and 103s-1 must be covered by the model. The
non linear strain rate sensitivity increase in this strain rate range must be considered with the
model.
+ Temperature effects must be considered by the model in order to take into account adiabatic
softening effects at higher strain rates.
+ The extrapolation at higher strain must be coherent with quasistatic bulge tests, taken as a
reference for the quasistatic strain hardening behaviour at high strains..
+ The model must have a reasonable amount of parameters, which should be fitted easily and
rapidly. A compromise between model accuracy and model complexity should be found.
The fitting accuracy depends on the quasistatic flow curve modelling chosen. Most dynamic models
rely on the Ludwik approach in order to describe the quasistatic flow curve. El-Magd and Rusinek-
Klepaczko models are based on a Swift function and the “Corus” model on the Bergström model
[35], [36]. The fitting results at high strains are therefore expected to differ sensibly, as seen in the
previous quasistatic model comparison (Figure 2).
The Cowper-Symonds model underestimates the strain rate sensitivity in the yield strength region
and overestimates it in the tensile strength region (Figure 7). The temperature effects are not
included in this model. For crash simulations this model is therefore not accurate enough.
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The original Johnson-Cook model according to equation (22) underestimates the strain rate
sensitivity at higher strain rates (Figure 7). This model postulates a constant strain rate sensitivity
for any strain rate and that the stress should increase linearly with the logarithmic strain rate. This
model takes into account the temperature evolution and adiabatic effects. It has found a wide
application for crash simulations. This is however inadequate when considering a wide strain rate
range [52]. The Johnson-Cook modified model as shown in equation (23) takes better into account
this non linearity of the strain rate sensitivity by introducing a 2nd degree polynomial function. The
results fit much better with the modified Johnson-Cook model than with the original Johnson-Cook
Model, but are still not optimum (Figure 7).
The El-Magd-Swift model does not fit quite well with the strain rate evolution of the flow stress in
the strain rate range [10-4-103s-1]. Similarly to the Cowper-Symonds model, the strain rate
sensitivity is underestimated at low strain rate, and highly overestimated at high strain rate. The El-
Magd model is rather adapted for high strain rates above 103s-1 for Hopkinson bar applications,
where viscosity effects tend to predominate and the flow stress increase can be modelled as a linear
function of strain rate [46]. On the other hand it has been successfully applied in its updated form
[194] for a large amount of automotive sheet steels in the strain rate range [10-4-200s-1]. This model
is therefore well suitable when applied to a more limited strain rate range.
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Figure 7: Comparison of model fit results at 10% true plastic strain HCT600XD.
(Cowper-Symonds, Johnson-Cook, Johnson-Cook modified and El-Magd-Swift).
According to Figure 8, the strain rate sensitivity is captured the best with the BMW,
Tanimura-Ludwik, Zerilli-Armstrong (cubic centered), Rusinek-Klepaczko and “Corus” models.
All models have a relatively large amount of fit parameters, so that an overall good fitting quality
can always be achieved. Depending on the fitting experience of each laboratory and the fitting
algorithm developed, it can be chosen which one offers the best balance between fitting complexity
and accuracy. Except for Cowper-Symonds and Johnson-Cook models, none of those advanced
models are implemented in commercial FEM software yet, so that they unfortunately find a limited
use for crash simulations.
In the transition strain rate range [10-4-103s-1] with a predominant thermal activation mechanism,
physically based RK or “Corus” models describe well the dynamic material behaviour. Both models
describe the strain rate hardening quite the same way.
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Figure 8: Comparison of model fit results at 0,10 true plastic strain
(Tanimura-Ludwik, Rusinek-Klepaczko, BMW, Corus, Zerilli-Armstrong).
Dynamic models accuracy can be determined not only on the basis of the strain rate sensitivity, but
also of the strain hardening behaviour. When taking a quasistatic bulge test flow curve as reference,
it is obvious that the Tanimura-Ludwik modelling is not accurate (Figure 9). The Tanimura-
Hockett/Sherby constitutive equation is better adapted [53] (Figure 10). This affects the overall
dynamic modelling accuracy.
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Figure 9: Dynamic flow curve modelling: Tanimura-Ludwik model, HCT600XD [53].
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HCT600XD, Tanimura-Hockett/Sherby
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Figure 10: Dynamic flow curve modelling: Tanimura-Hockett/Sherby model, HCT600XD [53].
A ranking of the investigated models is proposed in Table 3, according to the previously discussed
fitting results. The best balance between fitting accuracy and complexity has to be found, if the
model has to find a broad acceptance for crash simulation purposes. The model suitability has been
determined according to the strain hardening and strain rate sensitivity accuracy, both compared on
the strain rate range validity domain in relation with model complexity and fitting time needed.
Table 3: Classification of dynamic models.
Model Modelcomplexity
Fit
parameters
Fitting
accuracy
Suitability strain rate
range:
[10-3-200/s]
Suitability strain rate
range:
 [10-3-103/s]
Cowper-Symonds -- 2 - +/- -
Johnson-Cook -- 6 +/- +/- -
Johnson-Cook modified - 7 +/- + +/-
El-Magd-Swift - 5 - + -
El-Magd-modified +/- 8 + ++ +/-
Zerilli-Armstrong +/- 6 + ++ ++
Tanimura-Ludwik /
Tanimura-Hockett/Sherby + 10 + ++ ++
"Corus" + 9 + ++ ++
"BMW" ++ 10 + ++ +
Rusinek-Klepaczko ++ 8 ++ ++ ++
++ very high; +  high; +/-: average; -: low; --: very low
2.2.6. Conclusions
Different selection methods of the experimental dynamic flow curves have been presented. Among
all replicates one representative flow curve is selected. The set of flow curves is then discretised for
some given strain values.
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Each flow curve can then be fitted manually with conventional modelling methods, as done for
quasistatic flow curve modelling, or within an analytical model. The overall model parameter fitting
can then be performed in a physical way, either by keeping the physical meaning of model
parameters or by choosing a pure optimised numerical way, as commonly done for crash
simulations.
Dynamic models are built on a quasistatic reference flow curve with dynamic effects combined in
an additive or multiplicative way. A model should cover the widest strain rate range and take into
account the temperature in order to reproduce adiabatic heating effects. The strain hardening
behaviour should be also modelled correctly.
The Johnson-Cook model, although widely used for crash simulation purposes, is only valid for a
limited strain rate range. Among all models in the literature, Zerilli-Armstrong, Tanimura-Ludwik
or “Corus” model seem to offer the best balance between model complexity and fitting accuracy.
The choice of the correct modelling approach depends however on the specific simulation
requirements. One model may perform very well on a limited strain rate range like Cowper-Symond
or Johnson-Cook and be suitable for experiments with a limited strain rate range. If however a large
distribution of strain rate is observed like for example in finely meshed crash simulations, then it is
better to choose a model covering the widest strain rate range as possible.
2.3. Isothermal-adiabatic correction
One specificity of dynamic testing is that the dynamic flow curves are tested under adiabatic
conditions. The heat generated through plastic deformation cannot diffuse out of the sample in the
short testing time and heats up the sample. With increasing strain rate, a transition between isotherm
and adiabatic testing conditions takes place with some additional adiabatic thermal softening
effects. Such parasitic effects must be corrected if the dynamic material behaviour is to be
investigated properly. In this chapter, it is intended to clear out how adiabatic effects affect the
experimental dynamic testing results.
2.3.1. Isotherm-adiabatic correction: numerical method
The adiabatic temperature increase can be determined in an experimental way [54],[55] or be
analytically calculated [56]. In the present approach, a numerical method is proposed for calculating
the adiabatic temperature increase and the correlated flow stress softening.
Adiabatic heating effects are both strain and strain rate dependent. A transition from isotherm to
adiabatic plastic deformation takes place with increasing strain rate. With increasing plastic strain,
the adiabatic heating increases. The higher the ductility and flow stress level, the higher the
adiabatic temperature increase, since it is linked to the mechanical energy absorbed. The positive
strain rate dependency of the flow stress also contributes to the increase of adiabatic heating
amount.
The isotherm-adiabatic correction intends to determine the isotherm flow curves from the
experimental adiabatic curves as follows (Figure 11):
1) The adiabatic temperature increase is calculated on the basis of the experimental adiabatic flow
curve (N°1).
2) The corresponding „quasi“ isotherm flow curve is calculated. The flow stress softening is
corrected out, adjusted on the basis of the first adiabatic temperature increase.
3) The new „quasi“ isotherm flow curve (N°2) is taken instead of curve N°2 as a new reference for
another iteration process N°1 (Figure 11).
A few iteration loops have to be performed in order to find a convergence for the final corrected
isothermal curve.
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(1): Adiabatic flow curve
(2): Flow curve after first iteration
(n): Isotherm flow curve after (n-1) iterations
 plastic
 true
,
-
n
Figure 11: Iterative isotherm-adiabatic correction for a dynamic flow curve.
2.3.2. Adiabatic heating calculation
The temperature heating T in comparison to the reference temperature T0 is calculated based on
the mechanical volume energy Evol absorbed during deformation according to equation (33):
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0

1 material density (7800 kg/m3); Cp: specific heat capacity (constant in a first approximation over a
limited temperature range); 10fraction of mechanical energy transformed into heat (=0,9 in
adiabatic condition, =0 for isotherm conditions); 0 true stress, : true (plastic) strain. The surface
under the plastic flow curve corresponds to the absorbed volume energy Evol.
The numerical determination of the adiabatic temperature increase for a given true plastic strain is
performed iteratively from points to points of the flow curve with the “trapeze” integration method
as follows:
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The factor 106 must be introduced in equation (34) for the coherence of units (T in K,  and 
without unit,  in MPa,  in kg/m3, Cp in J/kg/K). If the value of Cp is considered as temperature
dependent, the corresponding change of value for Cp must be considered for each iteration level.
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The adiabatic heating is therefore proportional to the mechanical volume energy absorbed. 90% of
the mechanical energy is converted into heat [57]. This is only a first approximation. Cp is
temperature dependent and can reach higher or lower values depending on the steel grade
considered [58]. Table 4 shows some typical values of the specific heat capacity Cp at room
temperature for different steel grades.
Table 4: Typical values of specific heat capacity Cp at room temperature.
Cp
Steel grade
J.Kg-1.K-1
Literature reference
TRIP steels 450 [58]
1018 (ferritic) 486 [59]
Steels 500 [49],[60]
304L (austenitic) 477 [61]
S355 460 [62]
Following equation is found in [62] in order to describe the temperature dependency of the specific
heat capacity for a S355 structural steel (Cp in J.Kg-1.K-1, T in K):
3522 .10.86,1.10.67,1.49,5183 TTTCp
  (35)
According to equation (35), a value of 460 J.Kg-1.K-1 is found for Cp at 20°C. The temperature
dependency of Cp should be taken into account in order to calculate more accurately the adiabatic
temperature increase (Figure 12).
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Figure 12: Temperature dependency of the specific heat capacity according to equation (35).
Some differences in the calculated adiabatic temperature increase are found with temperature
dependent or independent Cp values, the differences are not negligible anymore for higher
temperature values over 100°C (Figure 13).
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Adiabatic temperature increase
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Figure 13: Adiabatic temperature increase with/without temperature dependent Cp values.
An adiabatic temperature increase of 100°C is calculated at true strain level around 0,5. This is
coherent with experimental adiabatic measurement carried out in [63] on TWIP steels. At true strain
levels of 1,0, the adiabatic heating even reaches around 250°C for HCT690TD TRIP steel grade.
For deep drawing forming operations at high drawing speed, adiabatic heating becomes a major
issue. Adiabatic heating is also relevant for crash box testing, since it eases the folding behaviour
trough adiabatic softening in the highly strained folding radii. The positive strain rate sensitivity of
steel grades enhances the adiabatic heating because of higher energy absorption levels (Figure 14).
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Figure 14: Adiabatic temperature increase from extrapolated dynamic flow curves (HCT600XD) [23].
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2.3.3. Description of the isotherm-adiabatic transition
The isotherm-adiabatic transition takes places at different strain rate depending on the material.
According to [59] it takes place continuously between 10-2 and 1-10s-1 for a cold rolled mild low
carbon 1018 machining steel.According to [64], the isotherm-adiabatic transition starts above 10-2s-1
for ferritic steels. For austenitic steels however the adiabatic transition begins at lower strain rates
already at 5.10-4s-1, due to their lower heat diffusion coefficient. In [38] the isotherm-adiabatic
transition is reported to take place between 10-4 and 10-2 s-1 for a structural steel S275 (StE47).
Depending on the sample form (round or flat tensile sample), sample thickness and heat exchange
possibilities with the environment, the adiabatic heating transition can be shifted to higher levels
from 10-2s-1 up to 1s-1 for structural ferritic steels [38]. In [56] the transition takes place in the strain
rate range [10-2-4s-1] for a 224 carbon manganese CMn steel. The measured temperature increase in
the necking region until fracture reaches 80-100°C [56]. In [194] the adiabatic transition for typical
automotive sheet steels has been determined from dynamic compression tests at around 10s-1.
The heat production increases with plastic straining and increasing stress level. Therefore, mild
steels with low yield stress show a delay in the appearance of a significant temperature increase in
comparison with dualphase or TRIP steels [58]. Adiabatic heating is also related to the strain rate
sensitivity since the yield stress level increases with strain rate. Therefore those adiabatic heating
effects cannot be ignored [65].
The strain rate dependency of the adiabatic heating effects can be described analytically with
different mathematical formulations for the parameter  from equation (33) as follows:
Table 5: Mathematical description of the isotherm-adiabatic transition.
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Figure 15 to Figure 17 compare the transition functions „log“, tanh“ and „arctan“ for  as described
in Table 5. With the parameters 0 , c  or ad  the strain rate range for the  isotherm-adiabatic
transition can be positioned. The parameters  or  Sc can monitor additionally how sharp the
transition takes place around the critical transition strain rate.
All three methods give some comparable results. The “tanh” and “arctan” functions describe the
transition slightly smoother than the “log” function. The formulation of the “log” function is also
more complicated to implement with the additional limiting conditions 0 6 and 07 .
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Figure 15: Influence of parameter  of  the ”log” function on isotherm-adiabatic transition.
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Figure 16: Influence of  parameter Sc of  the “tanh” function on isotherm-adiabatic transition.
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Figure 17: Influence of parameter ad of the „arctan” function on isotherm-adiabatic transition.
2.3.4. Flow stress adiabatic softening correction
After estimating the adiabatic temperature increase for a given true plastic strain, it is still necessary
to estimate the corresponding thermal softening of the flow stress. The evaluation is done based on
flow curves determined at different temperatures and strain rates. The thermal softening depends on
strain, strain rate and temperature (Figure 18).
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Figure 18: Temperature dependency of quasistatic flow curves DC04 [191].
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2.3.4.1. Modelling of flow curve temperature dependency
The flow stress dependency with temperature can be modelled as follows ([33], [68]):
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with Tm and T0 respectively melting and reference temperature of the material investigated.
Figure 19 shows a comparison of the different temperature dependency models described in
equations (39) to (41), when considering the yield strength of an austenitic stainless steel grade
1.4318 [23]. A linear modelling as described in equation (39) is only valid in a limited temperature
range. Non linear models as in equations (40) and (41) are better suitable to describe the
temperature dependency of flow stress for a wide temperature range.
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Figure 19: Comparison of model accuracy for the yield stress temperature dependency (1.4318).
2.3.4.2. Linear thermal softening factor
The linearity of the flow stress thermal softening according to equation (39) can be assumed in a
limited temperature range between room temperature and 100-200°C (Figure 19). This is an
approximation which should however be accurate enough to describe the temperature dependency
of flow stress for the adiabatic heating conditions [55]. The linear thermal flow stress softening
factor 8/8T is strain and strain rate dependent [56]:
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The linear flow stress thermal softening factor has been measured for a wide range of steel grades
for quasistatic and dynamic flow curves at different plastic levels. Quasistatic flow curves have
been experimentally determined accurately with strain measurement on the sample with
extensometers at -40, 20 and 100°C testing temperature.
Dynamic flow curves have also been determined for the same temperatures, however with LVDT
global piston strain measurement. Such dynamic flow curves are not so accurate in comparison to
the quasistatic ones because of inaccurate strain measurement technique, oscillations and adiabatic
effects already included in such dynamic flow curves.
Figure 20 shows the thermal softening factor for different strain values up to uniform elongation for
DC04 steel grade [191]. Quasistatic and dynamic flow curves are considered. The values of
dynamic factors can be considered as approximately strain independent. Dynamic thermal stress
softening factors are generally higher than the quasistatic flow curves.
The linear thermal stress softening factor is therefore considered as strain and strain rate
independent as well as temperature dependent in the temperature range considered. The flow stress
thermal softening can be considered as proportional to the temperature increase, the proportionality
factor being the previously defined linear stress softening factor in equation (42).
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Figure 20: Quasistatic and dynamic linear thermal softening factors, DC04 [191].
2.3.4.3. Aging effects
Some aging effects are observed at temperatures over 100 to 150°C for ferritic steel grades
(Figure 21). The thermal softening of flow stress is then stopped because of carbide formation with
microalloying elements. The flow stress even increases with increasing temperature. Dynamic aging
effects are also seen. The austenitic stainless steel grade 1.4318 however does not show such
effects.
The thermal softening factor cannot therefore be determined properly above 100-150°C for
common sheet steel grades. Such aging effects cannot be avoided when determining flow curves at
high temperatures. Aging effects are however irrelevant for dynamic testing because dynamic
testing occurs in a very short testing time without any diffusion mechanism.
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Figure 21: Ageing effects: quasistatic tensile strength vs. temperature [23].
2.3.4.4. Isotherm-adiabatic correction results
Figure 22 shows the results of the isotherm-adiabatic correction on experimental flow curves for a
HCT600XD dualphase steel grade. Quasistatic flow curves do not need any adiabatic-isotherm
correction (=0, isothermal conditions). Dynamic flow curves are determined in adiabatic
conditions (=0,9). The adiabatic flow stress softening of around 20-30 MPa is calculated until 0,2
true plastic strain. Until uniform elongation the influence of adiabatic heating is not very significant.
When extrapolating the flow curves to higher strain levels, the flow stress softening due to adiabatic
heating is much more pronounced (Figure 23).
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Figure 22: Isotherm-adiabatic correction results HCT600XD [23].
Literature review 25
HCT600XD, Tanimura - Hocket & Sherby
200
400
600
800
1000
1200
1400
1600
0,00 0,20 0,40 0,60 0,80 1,00
True plastic strain, -
Tr
ue
 s
tr
es
s,
 M
Pa Dynamic tensile tests
Modelled adiabatic flow curves
Bulge test
3.10-3s-1; 10s-1; 100s-1, 385s-1; 670s-1; 850s-1
Figure 23: Adiabatic heating effects based on extrapolated dynamic flow curves [23].
Based on those results, the experimental adiabatic flow curves can be considered as isothermal flow
curves. An isotherm-adiabatic correction is not absolutely necessary in order to fit the isothermal
dynamic material behaviour. However the adiabatic heating effects will play an increasing role if
the forming simulation shows an important proportion of high plastic strain levels. A coupled
forming-thermal analysis could be necessary in order to deliver correct forming results.
2.3.5. Conclusions
Adiabatic and isotherm flow curves can be considered to be identical for the tensile testing
technique up to uniform elongation. The adiabatic-isotherm correction is not necessary in this
particular case for modelling purposes. This is no more valid for compression or shear tests where
much higher true strain levels are reached.
The effective flow stress results however in the coupling of plastic straining with adiabatic
temperature softening. At high strains over 0,5, the adiabatic heating effects may even compensate
the work hardening, so that the effective flow stress decreases with increasing strain level
(Figure 23, Figure 24). This adiabatic softening effect should be taken into account for example
within crash or high speed forming operations, whenever large strain levels are widely distributed in
the component. For crash-box simulation adiabatic softening may ease the folding process. The
forming strain levels in deep drawing process would also be affected due to adiabatic softening.
In the particular case of low or high alloyed TRIP steels forming, the adiabatic temperature increase
may even annihilate the beneficial TRIP effect, so that it must be taken into account to understand
experimental results .
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Figure 24: Adiabatic softening influence on effective flow stress level (HCT600XD, 100s-1).
2.4. Thermal activation theory
The thermal activation deformation mechanism is relevant for automotive sheet steel grades in the
strain rate range [10-4-103s-1] and in the temperature range [233K-373K] as encountered in crash
conditions. Some background knowledge for this physically based modelling approach is given in
the following chapter.
2.4.1. Theoretical background
The theory of thermal activated dislocation deformation is well known in the literature
[69],[70],[71]. When considering the strain rate and temperature dependent behaviour of sheet
steels, four regions should be considered [72], as shown in Figure 25 and Figure 26. The
temperature range below 0,3.Ts (Ts: melting temperature) is considered in this investigation,
without diffusion controlled mechanisms (creep).
+ Region I corresponds to the low strain rate range [10-6-10-2s-1] and high temperature
(T9170K) region. In this region, the flow stress does not show any significant strain rate or
temperature sensitivity. Dislocations interact with long range obstacles and the deformation
process is athermal.
+ In region II, at T>70K and in the intermediate strain rate range [10-4-103s-1]), the flow stress
shows some pronounced strain rate and temperature sensitivity. Thermal activated
deformation processes take place, involving dislocation interactions with short range
obstacles. Thermal vibrations can assist in overcoming these short range barriers, and flow
becomes sensitive to strain rate and temperature.
+ Region III, at T:150K and in the low strain rate range [10-6-10-3s-1]), is not relevant for
automotive crash application. This region is mainly influenced by twinning effects.
+ Region IV corresponds to the very high strain rate range over 103s-1. In this region
dislocation drag with viscous effects becomes dominant. This region is however not relevant
for automotive crash application involving lower strain rates (in crash up to 103s-1).
In the frame of this investigation about automotive sheet steels, the focus is rather set on the
athermal and thermal activated regions I and II.
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Figure 25: Thermal activation modelling: ReL vs. strain rate (mild steel) [73], [74].
I: Athermal processes; II: Thermal activated processes; IV: Damping processes.
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Figure 26: Thermal activation modelling: strain rate and temperature regions I, II, III, IV [72].
In region I and II, which are the only regions relevant for automotive crash application, the flow
stress can be separated in two additive athermal and thermally activated components, i and *. The
athermal stress component i is related to long range obstacles and the creation of new dislocations
leading to strain hardening. i depends weakly on temperature the same way as the shear modulus
G or the young modulus E. i is strain rate independent and depends on microstructure (grain
boundary, precipitates, dislocation interaction).
The thermal effective stress component * is strain rate and temperature dependent. It is related to
the interaction of mobile dislocations with short range obstacles, which can be overcome with the
help of thermal activation process. The general expression for the applied external flow stress  is
given as follows [69]:
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The variation of E-modulus E(T) with temperature can be described as a function of homologous
temperature 	* and melting temperature Tm according to [21] with following equation (Figure 27):
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Assuming Tm=1600K and 	*=0,59 for steel grades [21], the resulting relative decrease of
E-modulus between 233K and 373K amounts to approximately 3% according to equation (44).
Within the narrow temperature range [233K-373K] usually considered for automotive applications,
the temperature dependency of the athermal flow stress component i can therefore be neglected in
a first approximation in equation (43).
Figure 27: Analytical prediction of Young’s modulus vs. temperature and comparison for steels [21].
The effective thermal flow stress * increases with increasing strain rate and decreasing
temperature. At T=0K, there is no thermal activation contribution available to assist dislocation
glide. * reaches its maximum value 0*, which is independent of strain rate. Several thermal
activated processes have been reported in [75] such as:
+ Climbing of dislocation.
+ Cutting processes.
+ Cross slipping of screw dislocations.
+ Non conservative dislocation movement.
+ Detachment from Cottrell skies.
+ Recombination of screw dislocation split on different glide planes.
+ Cutting and by-pass processes of small precipitates.
+ Overcoming of periodic Peierl’s stress by dislocations.
+ Interaction between dislocation and tetragonal distortion of the lattice (solid solution
hardening).
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According to [75], [76], [77] and [78] the most relevant thermal activated process is related to the
short range Peierl’s stress barrier. In order to move the whole dislocation line forwards, a double
kink pair is first built with a dimension b to overcome the Peierl’s stress. The two kink sides move
then parallel to the dislocation line (Figure 28).
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Figure 28: Seeger kink pair mechanism according to [78]:
(a): Original dislocation line; (b): Double kink pair formation; (c): Kinks moving apart at velocity vk.
At high effective stress level, the obstacle can be overcome at once. At lower effective stress, some
additional thermal energy is required for further deformation. A certain retardation time is therefore
required until thermal fluctuation helps to overcome the obstacle barrier. This retardation time wt is
equals to the reciprocal value of the frequency of the overcoming attempts and follows an Arrhenius
relation as follows [70]:
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With 0 frequency factor, G free activation enthalpy for thermally activated glide of mobile
dislocations across short-range obstacles, T temperature, k Boltzmann constant.
After overcoming the obstacle, a part of the dislocation moves up to the next obstacle over a mean
distance s* for a time tm. In the strain rate range below 103s-1, it can be assumed that the travelling
time between obstacles tm is negligible in comparison to the waiting time tw in front of obstacle
(tw >>tm). The mean dislocation velocity vD can therefore be formulated as follows:
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If the stress is increased, the overcoming of the barrier by the dislocation is helped and the waiting
time tw is decreased. The strain rate   is related in polycristals directly to the mean dislocation
velocity vD according to the following Orowan equation:
T
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M
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  (47)
with 
m density of mobile moving dislocations, b burger vector magnitude, MT Taylor factor.
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Combining equations (46) and (47), the free activation enthalpy G correlates with the thermal
effective stress component *, strain rate  , temperature T and the Boltzmann constant k as
follows:





 

Tk
GT
.
)(exp.),(
*
0
*   (48)
The pre-exponential factor
.
0 , defined as theoretical maximum strain rate, is given as follows:
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The pre-exponential factor is strain dependent and cannot therefore be considered as a material
constant. Whereas b, 0 and MT can be considered as strain independent, the mobile dislocation 
m
increases however with deformation and the mean dislocation free path decreases with deformation
[79]. The connection between thermal activation enthalpy, strain rate and temperature is given
according to equation (48) as follows:
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Figure 29 shows the configuration of an obstacle to be overcome. At a critical temperature Tc, the
barrier can be overcome with thermal energy alone, with G =G0 and without external effective
stress assistance (Figure 29a). At 0<T<Tc, the thermal energy is not sufficient to overcome the
obstacle (G <G0). An additional external force or stress must be applied to overcome the obstacle
(Figure 29b).
Figure 29: Representation of thermal assistance for obstacle overcoming [69]. (a): T=Tc ; (b): 0<T<Tc.
As proposed by Kocks in [80], the interaction between short-range barriers and dislocations can be
described with following profile:
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With 0 < p : 1 and 1 : q : 2, G0 free energy required to overcome the obstacle without the help of
thermal activation (G=0). 0* is defined as the highest stress to be applied without thermal
assistance. Combining equations (50) and (51), we obtain:
For a given strain rate, the critical athermal temperature Tc, above which *=0  (G=G0), is
defined from equation (50) as follows:
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Above the critical athermal temperature Tc, the deformation process is athermal with *=0 and
G=G0. The energy required to overcome the barriers is brought by the thermal activation alone.
The athermal critical temperature Tc is strain rate dependent. Tc reaches around 300K in the case of
iron for a quasi-static loading and increases with the strain rate [81]. At higher strain rate, the lower
waiting time to overcome barriers has to be compensated with an higher temperature in order to
remain in the athermal region.
At T=0K, no thermal activation (G=0) is available, the obstacles must be overcome with
mechanical energy alone with the highest effective stress (*=0*). With increasing temperature
between T=0K and Tc some definite amount of thermal activation energy helps overcoming the
obstacle and reduce the effective stress to be applied in order to overcome the short range obstacles.
An increase of strain rate at a constant temperature T results in a more or less sharp increase of the
flow stress levels depending on the relative position of T and Tc.
For a given temperature T, the critical athermal strain rate c , below which the deformation process
is athermal (*=0 and G=G0), is defined from equation (48) as follows:
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Figure 30 and Figure 31 show schematically the modelled stress respectively versus temperature (at
constant strain rate) and versus strain rate (at constant temperature). With increasing strain rate, the
critical temperature Tc, above which the deformation is athermal, is increased (Figure 30). With
increasing temperature, the critical strain rate below which the deformation is athermal is increased
(Figure 31).
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Figure 30: Thermal activation modelling: stress vs. temperature at constant strain rate.
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Figure 31: Thermal activation modelling: stress vs. strain rate at constant temperature.
Equation (52) can be simplified as proposed in [38], [75]:
with m’ strain rate exponent. Combining equations (53) and (55) gives:
Combining equations (43) and (55), following expression is obtained for the yield strength:
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A strong reciprocity between strain rate and temperature is characteristic for dynamic deformation.
At a given strain rate (or dislocation velocity) the higher the temperature, the easier and faster the
obstacles can be overcome, the waiting time tw is decreased, the mechanical stress to be applied is
decreased. For a given temperature however, the higher the strain rate, the less waiting time is
available for a dislocation to wait for additional thermal fluctuation help in order to overcome the
barrier. The thermal energy is less effective, this is equivalent to an higher energy barrier to
overcome, which can be only compensated with increasing stress level. The effective stress
increases with increasing strain rate, in order to compensate for the lack of thermal activation
efficiency [74]. Therefore increasing strain rate is quite equivalent to decreasing temperature with
regards to the flow stress behaviour.
Figure 32 and Figure 33 show schematically the influence of each single thermal activation model
parameter 0*, 0 , G0 and m’ on the strain rate sensitivity behaviour of yield strength, all other
parameter being fixed. The strain rate sensitivity is clearly increased with increasing thermal stress
0* (Figure 32a), with decreasing limiting strain rate 0  (Figure 32b), with increasing activation
energy values G0 (Figure 33a) and with decreasing strain rate exponent m’ (Figure 33b).
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Figure 32: Influence of thermal activation model parameter on strain rate sensitivity behaviour of yield
strength (schematic description). (a): Thermal stress 0*; (b): pre-exponential factor 0 .
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Figure 33: Influence of thermal activation model parameter on strain rate sensitivity behaviour of yield
strength (schematic description). (a): Activation energy G0; (b): Strain rate exponent m’.
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The strain rate sensitivity of yield strength can be interpreted on a physical basis with the theory of
thermal activation. At higher strain level however the moving dislocation density evolves together
with the pre-exponential factor, adiabatic heating effects are also superposed to the thermal
activation processes. For those reasons, the modelling will be only performed based on yield
strength in the frame of this work. This also allows a comparison with literature results on a larger
basis [38].
2.4.2. Thermal activation: literature overview
Table 6 and Table 7 give a literature overview about thermal activation parameters for various steel
grades. The thermal activation model has been already successfully implemented in numerous
publications for a wide strength range for ferritic, ferritic-perlitic, ferritic-martensitic (dualphase),
quenched and tempered martensitic or fully austenitic microstructures. According to Table 6 and
Table 7, the 0  values varies in the range [10
4-1012s-1], the activation energy values in the range
[7.10-12-12.10-12J]. The m’-value ranges between 1 and 5. The Kocks parameters p and q obey the
theoretical conditions 0 < p : 1 (1/p91) and 1 : q : 2 (0,5: 1/q: 1).
Table 6: Thermal activation parameter: literature overview (part 1).
Rp0,2, 298K i 1/p 1/q 0G 0G m’ 0
*
0Steel grade
MPa MPa - - eV* 10-20 J - s-1 MPa
Reference
FeP04 (DC04) ferrite 197 211 0,58 9,32 2,68 1,00E+06 701 [38]
IF (DC06) ferrite 140 2 1 0,63 10,00 1,81E+06 465 [82]
Ferrite phase in IF steel 1 0,5 0,86 13,80 9,6E+07 90 [83]
Martensite phase in DP450,
DP500 and DP600 steel 1 0,5 0,86 13,80 9,6E+07 540 [83]
High strength IF
(HX220YD) ferrite 208 175 0,65 10,43 2,53 1,00E+07 884 [38]
166 2,71 1,00E+08 967 [84]
286 255 0,80 12,80 2,80 1,00E+08 960 [75]C10 (0,10% carbon steel)Normalised (ferrite+ perlite)
223 210 0,80 12,80 2,80 1,00E+08 900 [85]
C45 (0,45% carbon steel)
Normalised (ferrite + perlite) 330 1,78 0,53 0,58 9,29 7,29E+05 1352 [69]
C45 (0,45% carbon steel)
quenched & tempered
(tempered martensite)
400 425 2 0,715 0,60 9,61 1,30E+06 1300 [86]
45CrMo67
(0,45% carbon steel)
Quenched & tempered
(tempered martensite)
1420 1,65 0,50 0,47 7,53 8,06E+05 1355 [69]
X45CrSi93 (HNV3)
(0,45% carbon steel)
Quenched & tempered
(tempered martensite)
670 1,98 0,54 0,72 11,50 1,47E+07 1056 [69]
46Mn7 (1.0912)
(low alloy normalised)
(ferrite + perlite)
485 1,00E+07 [79]
382 345 0,80 12,80 3,30 955 [85]
St52-3 (S355N) normalised
(ferrite + perlite)
382 2,84 1,00E+08 761 [84]
ZStE180BH (HX180BH) (ferrite) 227 213 0,72 11,56 2,93 1,00E+08 1130 [38]
ZStE220BH (HX220BH) (ferrite) 257 206 0,79 12,67 1,89 1,00E+09 690 [38]
ZStE260BH (HX260BH)
(ferrite) 332 300 0,79 12,69 2,05 1,00E+09 605 [38]
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2.5. Strain rate sensitivity: influence parameters
2.5.1. Influence of strain rate
Strain rate sensitivity investigations have been originally initiated for sheet steel forming
applications. High strain rate sensitivity values as for deep drawing mild steels increase the
resistance against necking and the postuniform elongation values [7], [12], [13], [14], [20], [65].
While a positive strain rate sensitivity is expected for most steel grades, some negative value can
occur especially for aluminium alloys ([9], [87], [88]). In [89] some very low strain rate sensitivity
values between 0,004 and 0,007 have also been determined in the strain rate range [10-4-200s-1] for
high strength steels. In such investigations however it is often omitted that the strain rate sensitivity
strongly depends on the strain rate, since the deformation mechanism is governed by thermal
activation.
Figure 34 gives an overview of dynamic testing results for mild steel DC05 in the low [10-4-10-1s-1],
intermediate [1-103s-1] and high strain rate range (>104s-1) [21]. An increase of strain rate sensitivity
is observed from 0,023 up to 0,057 and 0,130 respectively in the low, intermediate and high strain
rate range [21], [73]. When considering mild steels, the mean value of m is usually considered as a
Table 7: Thermal activation parameter: literature overview (part 2).
Rp0,2, 298K i 1/p 1/q 0G 0G m’
.
0
*
0
Steel grade
MPa MPa - - eV* 10-20 J - s-1 MPa
Reference
ZStE300BH (HX300BH) (ferrite) 362 333 0,65 10,46 2,48 1,00E+07 625 [38]
ZSTE300Z (HX300LAD)
HSLA microalloyed
(ferrite+ carbide)
326 297 0,79 12,68 2,77 1,00E+09 889 [38]
ZStE380 (HC380LA)
HSLA microalloyed
ferrite+ carbide
392 360 0,79 12,65 2,43 1,00E+09 717 [38]
HCT500X dualphase steel
(ferrite + martensite) 253 275 0,58 9,32 3,05 1,00E+06 728 [38]
StE460 (S460) Normalised
(ferrite + perlite) 450 1,44 0,59 0,41 6,57 - 6,10E+08 1500 [69]
QStE500TM (S500MC)
(ferrite+perlite) 630 610 4,42 1,00 16,02 4,42 1,00E+12 2978 [38]
StE690
Quenched & tempered
(tempered martensite)
830 1,76 0,50 0,42 6,73 - 2,19E+07 1313 [69]
StE690 755 739 0,80 12,80 2,40 1,00E+09 556 [85]
StE890
quenched & tempered
(tempered martensite)
1020 1,52 0,50 0,50 8,01 - 1,02E+09 1340 [69]
StE885 1001 942 0,80 12,80 2,94 1,00E+10 817 [85]
665 630 0,80 12,80 2,50 1,00E+10 890 [85]20MnMoNi55
Quenched & tempered
(tempered martensite) 534 2,65 1,00E+08 744 [84]
15NiCuMoNb5
Quenched & tempered
(tempered martensite)
571 2,87 1,00E+10 790 [84]
X45CrSi 9 3 (1.4718)
quenched & tempered
(tempered martensite)
630 1,00E+07 [79]
35 Ni Cr Mo 12 5 (1.6949)
quenched & tempered
(tempered martensite)
1160 5,00E+08 [79]
X3CrNiMoNbN23 17 (1.3974)
high strength austenitic 630 1,00E+10 [79]
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constant and set to 0,020. This is a common assumption in the literature, which is however only
valid in the low strain rate range up to around 10-1s-1 and at room temperature. When performing
crash or even forming analysis under industrial stamping conditions, the effective m-value should
be re-evaluated over a wider strain rate range.
(a) (b)
Figure 34: Effect of strain rate on logarithmic strain rate sensitivity at room temperature [21], [73].
(a): True stress vs. strain rate at 0,002/0,10 true strain; (b): m vs. strain rate at 0,10 true strain.
According to [7], the strain rate sensitivity of mild carbon steels depends strongly on the strain rate
applied. Following strain rate dependent laws are proposed in the literature for the m-value:
ABm  (58)
BAm  )ln(.)ln(  (59)
Some fit parameters of equation (58) are given in Table 8 for a variety of steel grades at room
temperature [20], [65] and up to 90°C in isothermal and adiabatic conditions in the low strain rate
range (Figure 35). The parameters A and B decrease with increasing temperature and are lower
under adiabatic conditions than isothermal condition (Figure 35a). Depending on the steel grade
considered, some significant differences can be observed in their strain rate sensitivity behaviour
(Figure 35b). The increase of m-value with strain rate is much more pronounced for mild steels as
for AHSS steel grades.
Table 8: Fit parameter of equation (58) ABm   in the low strain rate range.
Material Regime T, °C A B Strain raterange
Strain level Reference
23 0,225 0,039
60 0,150 0,027isothermal
90 0,130 0,023SAE 1008
adiabatic 23 0,179 0,032
[10-3-10-1s-1]
Average
between
Rp0,2&Rm
[65]
IF 23 0,150 0,039 12%
Plane carbon steel 23 0,134 0,029 12%
HSLA 23 0,102 0,010 9%
DP
adiabatic
23 0,149 0,013
[10-5-10-1s-1]
12%
[20]
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(a) (b)
Figure 35:  Strain rate sensitivity m vs. strain rate (a): AK steel grade 1008 in isothermal and adiabatic
conditions [65]; (b): IF, carbon steel, HSLA, DP steels [20].
As mentioned in [52], a common Johnson-Cook modelling approach with one unique strain rate
sensitivity parameter C cannot be successful, when considering a large strain rate range
[10-3-103s-1]. As shown for a S355 structural steel in Figure 36, two sets of modelling parameters
have to be used below and above 500s-1 to model accurately the sheet steel dynamic behaviour.
Figure 36: Johnson Cook modelling with two sets of parameters for S355 steel grade [52].
Table 9 summarises some experimental results about the strain rate dependency of the logarithmic
strain rate sensitivity m. When considering this result scattering, it is necessary to precise in which
strain rate range and for which strain level the m-values have been determined. Otherwise a
comparison of m-values from literature data does not make much sense.
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Table 9: Influence of strain rate on m-value for sheet steel grades, literature overview.
Steel grade Strain rate range, s-1 Strainlevel m, - T, K Reference
Plain carbon
mild steels 10
-4/10-2/1/102/104/105 20% /Rm
0,008/0,015/0,021/
0,060/0,147/0,240 296 [7]
DC05 [10-5-10-1]/[1-104]/ >104 0,10 0,023/0,057/0,130 296 [21], [73]
ZStE340 [5.10-3-1]/[1-200]/[5.10-3-200] Rp0,2 0,019/0,051/0,032 296 [90],[91]
DP600 [10-3-1]/[1-200] Rp0,2 0,014/0,033 296 [92]
DP600 [5.10-3-1]/[1-200]/[5.10-3-200] Rp0,2 0,023/0,0433/0.030 296 [90], [91]
DP800 [10-3-1]/[1-200] Rp0,2 0,011/0,041 296 [92]
DP800 [5.10-3-1]/[1-200]/[5.10-3-200] Rp0,2 0,021/0,028/0,026 296 [9], [91]
DP1000 [5.10-3-1]/[1-200] Rp0,2 0,022/0,048 296 [91]
TRIP600 [10-3-1]/[1-200] Rp0,2 0,014/0,032 296 [92]
TRIP800 [10-3-1]/[1-200] Rp0,2 0,012/0,030 296 [92]
TRIP950 [10-3-1]/[1-200] Rp0,2 0,001/0,027 296 [92]
TRIP1000 [10-3-1]/[1-200] Rp0,2 -0,003/0,023 296 [92]
1.4318 [5.10-3-200] Rp0,2 0,032 296 [91]
2.5.2. Influence of temperature
The temperature region up to 100°C with a thermal activated deformation mechanism is mostly
relevant for autobody steel grades. The following literature review is therefore restricted to
temperature below 0,3.Tm (approximately 200°C for steel grades), in order to avoid dynamic strain
aging effects which would result in negative strain rate sensitivity properties [93].
According to the thermal activation theory, there is a strong influence of temperature on the strain
rate sensitivity, which is confirmed experimentally. Investigations on an mild steel (DC05) have
been performed in [21] with a tensile test machine in the temperature range [213-373K] and the low
strain rate range [10-5-10-1s-1]. As shown in Figure 37, the mean strain rate sensitivity increases
quite significantly with decreasing temperature from 0,018 at 393K up to 0,044 at 213K. The strain
rate sensitivity increases sharply at temperatures lower than 300K in the low strain rate range
[10-5-10-1s-1]. Decreasing temperature generally shows a similar effect as increasing strain rate,
which is here confirmed when considering the strain rate sensitivity.
(a) (b)
Figure 37: Effect of temperature on logarithmic strain rate sensitivity m at constant 0,10 true strain [21].
(a): True stress vs. strain rate; (b): m vs. temperature.
Figure 38 shows the temperature dependency of yield strength for several steel grades in the
temperature range [100-400K] at 10-4s-1. A sharp increase of temperature sensitivity can be seen
below 200K [69]. This should be considered in analogy to the sharp increase of flow stress in the
high strain rate range.
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(a) (b)
Figure 38: Effect of temperature on yield strength of (a): mild/HSLA; (b) AHSS steel grades [69].
Table 10 summarises some experimental values of the logarithmic strain rate sensitivity m versus
temperature for various sheet steel and aluminium grades [9], [21], [90]. The strain rate range and
strain level for the flow stress is also specified in order to compare accurately the experimental
results obtained.
Table 10: Influence of temperature on m-values, literature overview.
Steel grade Strain raterange, s-1
Strain
level m, - T, K Reference
DC04 [5.10-3-200] Rp0,2 0,056/0,071/0,057 233/296/353 [9], [90]
DC05 [10-5-10-1] 10% 0,044/0,037/0,026/0,018/0,018 213/233/273/300/393 [21]
DC06 [5.10-3-200] Rp0,2 0,061/0,069/0,064 233/296/353 [9], [90]
H260B [5.10-3-200] Rp0,2 0,037/0,033/0,022 233/296/353 [9], [90]
ZStE340 [5.10-3-200] Rp0,2 0,033/0,032/0,023 233/296/353 [9], [90]
CMn300 [5.10-3-200] Rp0,2 0,031/0,023/0,017 233/296/353 [9], [90]
DP600 [5.10-3-200] Rp0,2 0,030/0,030/0,023 233/296/353 [9], [90]
TRIP700 [5.10-3-200] Rp0,2 0,029/0,024/0,022 233/296/353 [90]
1.4301 [5.10-3-200] Rp0,2 0,029/0,022/0,0195 233/296/353 [90]
Al: 5.xxxx [5.10-3-200] Rp0,2 0,0008/-0,0103/-0,002 233/296/353 [90]
Al: 6.xxxx [5.10-3-200] Rp0,2 0,0004/0,0031/-0,0002 233/296/353 [90]
2.5.3. Influence of strain hardening
In [12] the Hollomon equation has been extended in order to take into account the strain rate
sensitivity m, also described as strain rate hardening coefficient, in analogy to the strain hardening
coefficient n.
mnk   (60)
As for the n-value, the strain rate sensitivity m depends strongly on the strain level considered in the
tensile test and can only be defined properly at a definite strain level [12]. For the extrapolation of
flow curves, the n-value in the higher strain range around uniform elongation tends to be
considered. The m-value at higher strain should also be considered for proper flow curve
description. Equation (60) however is not as suitable as a proper overall constitutive modelling [12].
In [14] some sheet steel grades IF and deep drawing steels as well as P-alloyed HSS (rephos), bake
hardening and HSLA steel grades have been investigated in the low strain rate range [2.10-3-2s-1]
together with aluminium alloys. IF, DDQ and BH steels show a sharp decrease of m-values with
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increasing uniaxial strain, particularly at low strain level below 5% (Figure 39). HSLA steels show
a slower decrease of m-value with increasing strain. The m-values for the investigated steel grades
are positive and decrease with increasing tensile strength level. Aluminium alloys 6111 and 2036 in
T4 condition do not show a significant strain dependency with negative m values.
Figure 39: Strain dependency of strain rate sensitivity [14].
Investigations on a mild steel (DC05) in [22] indicate a decrease of strain rate sensitivity m with
increasing plastic straining, especially at higher strain rates. Therefore the apparent strain rate
sensitivity, which is coupled with temperature, strongly depends on the plastic work accumulated
during plastic deformation and converted into heat. Increasing effective sample temperature leads to
a steady decrease in strain rate sensitivity during plastic straining.
2.5.4. Influence of pre-straining
A large range of plastic strains is encountered during the forming process of automotive
components. It is therefore of interest to identify the influence of pre-straining (without heat
treatment) on the subsequent material crashworthiness.
In [14] some sheet steel grades have been 2% and 5% pre-strained under plane strain and biaxial
conditions, which corresponds up to around 11%-12% equivalent pre-strain. The dynamic tensile
testing has been performed in the low strain rate range up to 2s-1. Little influence of pre-straining
could be observed on the strain rate sensitivity of yield or tensile strength in this low strain rate
range.
In [94] it is shown for an IF steel grade that the semi-logarithmic strain rate sensitivity  of yield
strength does not depend on the pre-straining level applied (Figure 40a). Dynamic compression tests
have been performed in the strain rate range [10-2-2500s-1] on as delivered and pre-strained samples.
The 2%, 5%, 10% and 20% quasistatic pre-straining has been performed in compression. It has
been shown that the deformation is thermally activated and driven by dislocations motion, without
twinning or shear bands interference. Prior cold work exhausts the work hardening rate
significantly, which is already known from quasistatic investigations [95]. The decrease of n-value
with increasing pre-strain is additionally reinforced by adiabatic softening effects which become
significant at high strain and high strain rate. Comparable results have been obtained for a pre-
strained austenitic steel grade 304L in [61].
A similar investigation on an IF steel grade in the strain rate range [10-3-500s-1] has been performed
in [74] and [96] with dynamic tensile test in the as delivered and 2%, 5%, 10%, 18% uniaxial pre-
strained conditions (Figure 40b). Very similar results can be obtained; the semi-logarithmic strain
rate sensitivity of yield strength is not influenced by preliminary cold work. Those results suggest
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that dislocations and dislocation substructures as a result of cold work are long-range (athermal)
obstacles to dislocation motion [74], [97].
(a) (b)
Figure 40: Yield strength vs. strain rate at 2/5/10/18-20% pre-strain, IF steel.
(a): Compression testing [10-2-2500s-1] [94]; (b): Tensile testing [10-3-500s-1] [74], [96].
The influence of uniaxial pre-straining has been investigated in [98] for a DP600 and a TRIP800
steel grade (Figure 41). Little influence of pre-straining on the semi-logarithmic strain rate
sensitivity  could be observed for both steel grades. Those results are confirmed in [99] for DP600
and TRIP600 steel grades, dynamically tested in the 5% and 10% uniaxial pre-strained conditions.
It has been also noticed in [98] that changes in the strain path between quasistatic pre-straining and
dynamic testing (longitudinal-transverse to the rolling direction) have almost no effect on the strain
rate sensitivity results.
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Figure 41: Semi-logarithmic strain rate sensitivity vs. strain rate with uniaxial pre-straining [98].
(a): DP600; (b): TRIP800.
2.5.5. Influence of grain size
The yield strength of metals increases with decreasing grain size. This is due to the grain boundary
obstacles with different relative orientations, which act as barriers to the further motion of free
dislocations. The flow stress follows the Hall-Petch relationship depending on the mean grain
diameter d with 0 and Ky material constants [100], [101]:
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d
K y
1
0   (61)
Originally applied to low carbon ferritic steels, this relationship is also valid for a wide range of
steel grades (Figure 42a). Grain refinement is a common strengthening mechanism, which is widely
used for example for microalloyed or AHSS steel grades.
The strain rate and temperature sensivity of the Hall-Petch parameters 0 and Ky has been reviewed
in [74] and [96]. The flow stress 0 represents the contribution of all strengthening mechanisms to
the flow stress except for grain boundary. 0 is therefore strain rate and temperature dependent. In
[102] and [103] it has been shown however that Ky is temperature independent for -iron. In [74],
[104], [105], [106], [107] it has also been shown that the constant Ky is strain and strain rate
independent for -iron and IF steel with a mean value of about 15 MPamm (Figure 42b).
With regard to the thermal activation mechanism, grain boundaries build long-range obstacles to the
motion of dislocations. The strain rate sensitivity of flow stress is therefore usually considered as
independent of grain size, since grain boundaries can be considered as athermal long range
obstacles [74], [96].
Ultra fine grain microstructure with a grain size below 1m show some singular strain rate
dependent behaviour [108], [109], which will not be considered in the frame of this investigation
with a primary focus on autobody sheet steel grades.
(a) (b)
Figure 42: Yield strength vs. grain size (Hall-Petch) (a): CMn steel grades, 296K, quasistatic [110];
(b): Strain rate influence, -iron, 288K [74], [104].
2.5.6. Influence of bake hardening
The most relevant investigation on the influence of bake hardening on the strain rate sensitivity of
steel grades can be found in [18] and [96].
Figure 43 shows the influence of a paint baking heat treatment (2% pre-strain + 177°C, 30mn) on
the dynamic tensile properties and the semi-logarithmic strain rate sensitivity  of yield strength for
a bake hardening steel [18]. The strain rate sensitivity in the bake hardened condition is lower than
in the as delivered condition for the low strain rate range. In the high strain rate range, the strain rate
sensitivity differences are less pronounced.
Literature review 43
(a) (b)
Figure 43: Dynamic testing of BH steel with/without paint baking treatment (2% + 177°C, 30mn) [18]
(a): Yield strength vs. strain rate; (b): Strain rate sensitivity  of yield strength vs. strain rate.
An IF steel grade tested in the same conditions did not show any influence of paint baking treatment
on the strain rate sensitivity of yield strength (Figure 44). IF steels are not bake hardening sensitive
due to the absence of interstitial C or N in the ferrite matrix. The increase of yield strength is based
only on the initial work hardening (WH stress component), which is the same for any strain rate. As
shown previously in chapter 2.5.4, pre-straining does not influence the strain rate sensitivity of
sheet steel grades, which is once again confirmed for IF steel grade in this investigation. The drop
of strain rate sensitivity can therefore only be related to the bake hardening effect alone.
(a) (b)
Figure 44: Dynamic testing of IF steel with/without paint baking treatment (2% + 177°C 30mn) [18].
(a): Yield strength vs. strain rate; (b): Strain rate sensitivity  of yield strength vs. strain rate.
Bake hardenable steel grades such as BH or AHSS steel grades contain some residual interstitial
carbon and nitrogen in the ferrite matrix, which pins the dislocations after heat treatment. A higher
stress must be applied by subsequent reloading in order to generate and propagate new free
dislocations (BH stress component). It has been assumed in [18] and [96] that the bake hardening
stress component is more of athermal nature, involving long range dislocation interaction and new
dislocation sources. The athermal regime of the bake hardening effect is believed to be responsible
for the lower strain rate sensitivity of the paint baked condition in the low strain rate in comparison
to the as delivered condition.
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At higher strain rate the short range thermally activated mechanism to overcome the movement
resistance for each dislocation predominate over the athermal bake hardening effect. The
contribution of the bake hardening stress component decreases with increasing strain rate
(Figure 45), the strain rate sensitivity of as delivered and paint baked conditions become similar.  In
conclusion, bake hardening and not pre-straining decreases the strain rate sensitivity, mostly in the
low strain rate range.
(a) (b)
Figure 45: (a): Definition of bake hardening (BH) and work hardening (WH) stress components [18];
(b): Difference between the lower yield strength of the pre-strained and baked condition and the as
received condition as a function of strain rate for IF and BH steel grades [18].
2.5.7. Influence of solid solution hardening
Solute atoms are considered as point defects in the solvent lattice and build short-range obstacles to
dislocation motion. Strengthening effects of solute additions are therefore strongly temperature and
strain rate dependent. Figure 46 shows the solid solution effect of various alloying elements on the
yield and tensile strength for an IF steel grade [74], [111]. Interstitial P shows a solid solution
strengthening contribution around 10 times higher than substitutional Mn and Si. P is therefore
widely used as solid solution strengthening element.
IF steels have been investigated in [74] and [96] with increasing solute content as shown in
Figure 47a. Interstitial elements such as C and N are bound in IF steels into precipitates by Ti
and/or Nb additions. It can be therefore assumed that differences in the strain rate sensitivity
behaviour only originate from solid solution substitution additions of Mn, Si or P.
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(a) (b)
Figure 46: Yield strength (a) and tensile strength (b) vs. alloying content for an IF steel [74],[111].
IF-4 steel grade, with the highest content of Mn and P, shows the lowest strain rate sensitivity for
the yield strength in comparison to P-alloyed IF-6 and base material IF-3. This is true at low strain
rate. At high strain rate above 10s-1, the softening influence of solid solution elements on the strain
rate sensitivity decreases. All steels show more or less the same strain rate sensitivity at high strain
rate. Similar results have been obtained in [112] on an IF steel with increasing Mn and Si alloying
content (Figure 47b).
(a) (b)
Figure 47: (a): Yield stress vs. strain rate for three different IF steels [74], [96];
(b): Stress at 5% strain vs. strain rate for IF steels with increasing Mn and Si alloying content [112].
It has been shown in [113] that with increasing yield strength level and solid solution content, the
temperature sensitivity of yield strength decreases for mild and HSS steel grades (Figure 48a). Such
results suggest some solid solution softening effect occurring with decreasing temperature or
increasing strain rate.
Solid solution softening causes a reduced temperature dependency of the yield stress in the alloy in
comparison to the pure metal as shown in Figure 48b. Softening occurs only within a restricted
temperature range, with hardening at both lower and higher temperatures [114].
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According to [114] and [115], solute atoms distort the crystal lattice and reduce the lattice friction
(or Peierl’s) stress on screw dislocations by enhancing the thermally-activated nucleation rate and
movement of kink pairs. The interactions between solute and interatomic potentials are therefore
responsible for the reduced Peierl’s stress. It has been however reported that Co and Cr solute atoms
rather increase the strain rate sensitivity [115]. Because of their similar atomic radius with C, the
misfit or lattice distortion is negligible and the Peierl’s stress increased. Solid softening will occur
rather with Mn, Si or P alloying with a stronger misfit factor with the crystal lattice.
Solid solution alloying increases the internal athermal quasistatic strength level, since solute atoms
prevent dislocation motion. The thermally activated effective stress required is however lowered by
solid solution alloying and the strain rate sensitivity decreases. Solid solution softening has been
confirmed in many other investigations [69], [116], [117]. Solid solution alloying influences very
effectively the strain rate sensitivity of the ferrite matrix of steel grades.
(a) (b)
Figure 48: (a): Yield strength vs. temperature for various steel grades at 1s-1 [113];
(b): Critical resolved shear stress vs. temperature for pure iron and of an ironcarbon alloy [114].
2.5.8. Influence of precipitation hardening
Precipitation hardening is a widely used strengthening mechanism for steel grades. Precipitates are
usually considered as long range obstacles, which cannot be overcome with thermal assistance, so
that precipitation hardening actually cannot affect the strain rate sensitivity.
Precipitation hardening is a characteristic feature of HSLA steel grades. Finely dispersed coherent
carbides, nitrides and carbonitrides are formed within the ferrite matrix by microalloying with
niobium, titanium or vanadium. Free dislocations have to bow around those hard particles and leave
dislocation loops around precipitates according to the Orowan mechanism [118]. The long range
interactions between dislocation and precipitates increase the strength level required for further
plastic deformation. However the strain rate sensitivity will not be affected by precipitation
hardening, but rather by the solid solution alloying.
Two ferritic-perlitic HSLA steels with different solute content, a low alloyed HSLA-1
(0.050C-0.390Mn-0.011P-0.016Si) and a high alloyed HSLA-2 (0.09C-1.46Mn-0.020P-0.08Si),
have been investigated in [74] and [96]. The dynamic tensile properties have then been determined
for both steel grades in the strain rate range [10-2-500s-1] (Figure 49).
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(a) (b)
Figure 49: Dynamic properties of two HSLA steels with different solute content [74], [96].
(a): Yield strength vs. strain rate; (b): Modified yield strength vs. stain rate for HSLA-2 steel (accounting
only for solution softening) as compared to HSLA-1 steel.
According to Figure 49a, the strain rate sensitivity in the low strain rate range for high alloyed
HSLA-2 steel is lower than for low alloyed HSLA-1 steel. In Figure 49b, the solid solution
strengthening contribution has been isolated for HSLA-2 steel grade, which can be better compared
this way with low alloyed HSLA-1 steel. According to Figure 49b, the strain rate sensitivity
differences are obvious in the low strain rate range. In the high strain rate range however, the strain
rate sensitivity differences vanish between both steel grades. Among all strengthening mechanisms,
solid solution alloying is the only factor decreasing effectively the strain rate sensitivity of HSLA
steel grades. Precipitation hardening is irrelevant with regard to the strain rate sensitivity.
In [119] the effect of strain rate on the flow stress of a low carbon AlNiCu-150 high strength ferritic
steel, which contains nanometer size Cu–Ni–Al precipitates, is found to be much less than that of
HSLA-65, which does not have such precipitates (Figure 50). It is postulated in [119] that such
nanosize precipitates could locally lower the Peierl’s stress over the length of a double kink along
the screw dislocation in body-centered cubic iron.
Figure 50: Flow stress at 5% strain vs. strain rate for HSLA-65 and AlNiCu-150 steels at 25°C [119].
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AlNiCu-150 steel grade is much more alloyed than the conventional HSLA-65 steel grade. This
suggests rather a solid solution softening effect instead of the rather improbable interaction between
long range precipitates obstacles and short range thermal activated processes. HSLA steel grades
have also been investigated in [69]. In this work the focus has been however laid, as in [74] and
[96], on the solute content of alloying elements such as Si, Mn and Ni and not on precipitates, in
order to explain differences in the strain rate sensitivity behaviour for the investigated steel grades.
2.5.9. Influence of second phase hardening
A wide range of dynamic investigations can be found in the literature, covering a broad strength
range for sheet steel grades [10], [13], [89], [91], [113], [120], [121], [122]. Empirical relationship
are proposed in [13] and [121] between yield strength and m-value as follows:
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2,0.00334,036,2)ln( Rpm    [121] (63)
The decrease of m-value with increasing strength level is most significant for yield strength values
below 400MPa (Figure 51a) or tensile strength values below 500MPa (Figure 51b). At higher
strength level, the strain rate sensitivity decreases less significantly.
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Figure 51: Strain rate sensitivity for various steel grades.
(a): m vs. Rp0,2, [6.10-3-100s-1] [13], [121]; (b): m vs. Rm [10-3-200s-1] [120].
The high energy absorption capability of AHSS high strength steels is rather determined by the high
strength level than by a low strain rate sensitivity. Mild and HSS steel grades on the contrary
compensate their low strength level with a high strain rate sensitivity of flow stress.
Many experimental works consider the dynamic strain rate ratio between dynamic and static
strength instead of the logarithmic m-value, in order to characterise the strain rate sensitivity
behaviour of steel grades [2], [8], [123], [124]. Although m-value and strain rate ratio cannot be
directly compared, it is obvious that AHSS dualphase, TRIP and multiphase (CP) steel as well as
UHSS martensitic steel grades show a lower strain rate sensitivity in comparison to mild and HSS
steels (Figure 52).
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Strain rate ratio
2500s-1 vs. 0,02s-1
(a) (b)
Figure 52:  Strain rate sensitivity for low and high strength sheet steel grades. (a): m vs. quasistatic room
temperature tensile strength in the temperature range [233-373K] and strain rate range [10-3-200s-1] [122];
(b): Strain rate ratio 2500/0,02s-1 vs. quasistatic yield strength, 296K [8].
As shown in Figure 53a, second phase hardening with martensite (DP) or bainite (CP) in increasing
proportion lowers significantly the strain rate sensitivity of steel grades. With increasing strength
level, the hardness of the soft ferrite phase increases strongly with a combination of solid solution,
precipitation or grain refinement hardening [124]. As shown in Figure 53b, the increase in ferrite
hardness correlates well with the decrease in strain rate sensitivity.
(a) (b)
Figure 53: (a): Strain rate ratio 1000/0,001s-1 vs. quasistatic tensile strength and microstructure [2];
(b): Microhardness of ferritic soft phase vs. strain rate ratio 1000/0,001s-1 at 5% strain [124].
It can be assumed that most deformation is concentrated in the ferrite phase [96], [115], [124]. The
deformation in the hard bainite and martensite phases is however quite limited and more of
athermal character [96], [125]. With increasing martensite content in dualphase steel grades, the
strain rate ratio decreases [96], as shown in Figure 54a. Experimental results in [126] show a similar
decrease of m-values above 1s-1 with increasing martensite content in dualphase steels. The strain
rate sensitivity is even more decreased for CP multiphase steels with additional bainite content
[126]. Some micromodelling approach has been implemented in [81] and [96] in order to describe
the strain rate dependent flow stress with dualphase steel. A composite model has been proposed in
[96], based on the rule of mixture between the flow stress of martensite and ferrite, as shown in
equation (64):
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with VM: volume fraction of martensite, F is the flow stress of dual phase steel at a specified strain
and strain rate. M and  represent the strain and strain rate dependent constitutive equations for
martensite and ferrite respectively.
The flow stress of martensite is assumed to be nearly strain rate independent, as confirmed with
martensitic UHSS steel grades [96], [127]. The modelling results match experimental flow stress
versus strain rate data, as shown in Figure 54b.
With decreasing amount of strain rate sensitive ferrite and increasing amount of athermal
martensite, the overall flow stress behaviour becomes therefore increasingly athermal and less strain
rate sensitive. The dislocation motion in hard martensite or bainite phases is rather determined by
long range athermal interactions between highly dense dislocations rather than by short range
Peierl’s barriers [96], [125].
(a) (b)
Figure 54: (a): Strain rate ratio 100/0,001s-1 vs. martensite volume fraction [96];
(b): Modelling results for dualphase steel grades with increasing martensite volume fraction [96].
2.5.10. Influence of TRIP effect: low alloy TRIP steels
In [10] and [128], it has been noticed that TRIP600 steel shows a slightly lower strain rate
sensitivity than dualphase DP600 steel in the intermediate strain rate range [10-3-500s-1]. Similar
results have been obtained in [92] and [99] when comparing TRIP and dualphase steels in the
tensile strength range between 600 and 1000 MPa in the intermediate strain rate range [10-3-200s-1].
In [129] the dynamic strain rate ratio 2.103/2.10-2s-1 of yield strength has been plotted versus
quasistatic yield strength for dualphase and TRIP steels. TRIP steels are slightly less strain rate
sensitive than dualphase steels for any quasistatic strength level (Figure 55).
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Figure 55: Strain rate ratio 2000/0,02s-1 vs. static strength for dualphase and TRIP steels [129].
Numerous investigations have been carried out recently in order to characterize the dynamic
behaviour of low alloy TRIP steels. In [130], [131] and [132], the focus has been laid on
Split-Hopkinson bar testing at high strain rate above 1000s-1. Some differences in the behaviour of
Al-bearing TRIP steels in comparison to Si- or Si-Al bearing TRIP steels have been illustrated. Al-
bearing TRIP steels show a steadier work hardening rate, with higher ductility, a lower strength
level and strain rate sensitivity than Si-bearing TRIP steels.
Many experimental results have been gathered in [4], [74], [133], [134], [135] in order to clarify the
influence of the volume proportion and carbon content of retained austenite on the strain rate
sensitivity behaviour of TRIP steels. In [74] it has been reported that the strain rate sensitivity of
yield and tensile strength at a strain rate above 1s-1 is lower for TRIP steels than for IF, HSLA or
dual phase steels. Low strain rate sensitivity values are however detrimental for energy absorption
at high strain rates.
One of the most comprehensive overview about the dynamic behaviour of Si- and Al-bearing TRIP
steels is given in [96]. As shown in Figure 56, the designations Low-austenite-LC, Med-austenite-
LC and High-austenite-LC refer to increasing retained austenite volume content. ‘LC’ and ‘HC’
designations are used respectively for retained austenite with low C-content (Si-bearing TRIP steel)
and high C-content (Al-bearing TRIP steels). As shown in Figure 56a and Figure 56b, an increase in
retained austenite volume fraction in Si-bearing TRIP steels at constant C-content does not
influence the strain rate sensitivity of TRIP steels. However, an increase of C-content in retained
austenite at equivalent retained austenite volume fraction in Al-bearing TRIP steels (Med-austenite-
HC in Figure 56) significantly reduces the strain rate sensitivity in comparison to Si-bearing TRIP
steels, which is due to an increase in austenite stability.
It has been shown in [136] and [137] that the transformed volume fraction of retained austenite
decreases with increasing strain rate due to the adiabatic heating at high strain rate. An increase in
the carbon concentration in retained austenite decreases the intensity of strain induced TRIP effect
due to an enhanced austenite stability (Figure 57a). Additionally the martensite transformation is
accelerated with increasing strain rate in the low strain rate range [10-3-10s-1] and small strains with
rather isothermal testing conditions (Figure 57a).
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(a) (b)
Figure 56: (a) Yield stress vs. strain rate for Al-bearing Med-austenite -HC TRIP steel with LC Si-bearing
TRIP steels with various retained austenite content [96]; (b) Semi-log. strain rate sensitivity  up to 10s-1
for different TRIP microstructures [96].
As mentioned in [138], the strain hardening behaviour of TRIP steels depends also strongly on
temperature, especially below room temperature. This is not the case for dualphase steels, which
strain hardening behaviour is rather temperature insensitive. As illustrated in Figure 57b, the MS
temperature separating the stress induced (MS<T<MS) from the strain induced (MS<T<Md)
regime has been estimated for TRIP700 steel grade to -10°C, the optimal forming temperature lying
between 75°C and 150°C [138]. A strong interaction between strain rate, with adiabatic heating
effects, and strain hardening behaviour should take place therefore for TRIP steels.
Under adiabatic condition at high strain and strain rate above 1-10s-1, the additional driving force
brought by dynamic strengthening is overshadowed by the adiabatic temperature increase, which
prevents effectively any further TRIP effect [74]. The differences in strain rate sensitivity behaviour
disappear therefore with increasing strain rate under adiabatic conditions.
(a) (b)
Figure 57: (a): Effect of strain and strain rate on ;<’ TRIP effect [137]; (b): Critical stress for the
initiation of the martensite transformation as a function of temperature [138].
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2.5.11. Influence of TRIP effect: metastable high alloy TRIP steels
Contrary to low alloy TRIP steels with a relatively low amount of initial retained austenite, a large
volume fraction of martensite can be generated during deformation for high alloy TRIP steels. Due
to their exceptional ductility and strength level, investigations have been increasingly carried out in
the last years, in order to promote the use of austenitic stainless steel grades in the automotive
industry.
The forming behaviour of metastable high alloy TRIP steels for deep drawing automotive parts has
been investigated for example in [139] and [140]. Modelling activities have been also carried out, in
order to implement the influence of stress triaxility and strain rate in commercial FEM softwares
[141], [142].
A dynamic softening of tensile strength takes place for austenitic metastable stainless steel grades in
the low strain rate range up to 1-10s-1 ([143], [144]). Recent investigations for automotive
applications confirm such adiabatic softening effects, focusing on 1.4318 (AISI 301) and 1.4301
(AISI 304) steel grades. 1.4318 steel grade (301LN) has been investigated in [145], showing some
dynamic decrease of tensile strength at 233K but no so much at 296K. Steel grades 1.4301 and
1.4318 have been investigated in [91] up to 200s-1 at 296K with a similar softening behaviour for
the tensile strength.
Fundamental investigations have been carried out in [146] in order to understand the complex
interaction between strain rate, adiabatic heating and TRIP effect for 1.4301 and 1.4318 steel grades
in the skin passed (2B) and cold worked (2H) conditions. It was found that adiabatic heating,
reaching up to 80°C at uniform elongation (Figure 58a), clearly suppresses the ;<’ TRIP
transformation (Figure 58b). At high strain levels, additional exothermic effects are superposed to
adiabatic effects as a consequence of the ;<’ TRIP transformation, The strong strain rate
dependency of the TRIP effect results in a sharp drop of tensile strength (Figure 59a) and fracture
elongation (Figure 59b) values in the low strain rate range between 5.10-3 and 1s-1.
(a) (b)
Figure 58: 1.4318 2B steel grade at 296K [146]. (a): Measured & calculated adiabatic temperature increase
at 10-1 s-1; (b): Fraction of ’ martensite vs. true strain and strain rate.
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(a) (b)
Figure 59: 1.4318 and 1.4301 steel grades in 2B and 2H conditions at 296K [146].
(a): Tensile strength vs. strain rate; (b): Fracture elongation vs. strain rate.
Other investigations in [61], [147] and [148] focus for 1.4301 (304L) steel grade rather on the high
strain rate region with the Split-Hopkinson bar technique, avoiding the transition strain rate region
between 10-3s-1 and 102s-1. Based on this experimental strain rate selection, only a positive strain
rate sensitivity is therefore found for 1.4301 stainless steel. Dynamic torsion tests in [149] reveal a
decrease of strain rate sensitivity for 304N steel grade at low temperature, which has been attributed
to a higher adiabatic temperature increase than at room temperature.
An increase in the amount of martensite formed during deformation is assumed with increasing
stress triaxiality under quasistatic conditions for austenitic steel grades [150]. This has been most
extensively been investigated experimentally for low alloy TRIP steels in [151]. According to
[151], the stress triaxiality factor T is defined for a given forming condition as follows:
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With h and e: hydrostatic and Mises effective stress, 1 and 2: major and minor strain and k:
strain biaxiality ratio. Figure 60 shows the corresponding T values for each forming condition.
Shear forming brings the lowest triaxiality (T=0), followed by tensile (T=0,33), plane strain
(T=0,42) and biaxial conditions with the highest triaxility (T=0,66).
Figure 60: Triaxiality for tensile, shear, plane strain, biaxial & notched deformation [151].
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A plane strain forming condition enhances most effectively the martensite formation [151]. Biaxial
deformation, although delivering the highest triaxility, has approximately the same effect on the
TRIP effect as uniaxial deformation (Figure 61b). The influence of triaxiality on the magnitude of
TRIP effect is partly captured in the modelling approach followed in [150] for 304 steel grade
(Figure 61a).
(a) (b)
Figure 61: (a): Modelled martensite formation under compression (UC), shear (S), uniaxial tension (UT),
plane strain (PST), biaxial (EBT) 304 steel grade [150]; (b): Influence of triaxiality on the experimental
retained austenite content for a low alloy TRIP steel grade [151].
Few investigations have been performed however on the influence of preliminary pre-straining with
increasing triaxiality (uniaxial, plane strain, biaxial) on the subsequent dynamic tensile behaviour of
high alloy TRIP steel grade. Some investigations have been already reported on this topic in [23]
and [152] for 1.4318 steel grade and will be presented more into details in the present work. The
dynamic behaviour of stamped part out of austenitic stainless steel can be simulated by pre-straining
sheet samples for the most relevant strain states, especially in the plane strain condition which is the
most critical condition for forming operations. The influence of pre-straining on eventual dynamic
softening effects is especially relevant for automotive crash design in the low and intermediate
strain rate range and will therefore be considered carefully in this work.
2.5.12. Conclusions
According to the previous literature review, the strain rate sensivity obviously cannot be considered
as an universal invariant mechanical property, which is often overseen when dealing with literature
data for m-values. Following conclusions can be drawn:
+ The strain rate sensitivity depends strongly on the strain rate range as well as temperature
range considered. An increase in strain rate shows a similar positive effect on the strain rate
sensitivity as a decrease in temperature, according to the thermal activation mechanism.
+ The strain rate sensitivity is quite sensitive to plastic straining. A sharp decrease in strain
rate sensitivity is observed especially for mild steels within the low strain range below 5%.
With increasing deformation level, adiabatic softening also contributes to the decrease in
strain rate sensitivity.
+ Strain rate sensitivity does not clearly depend on the pre-straining level applied. Cold work
involves longe range obstacles, which cannot be overcome with thermal assistance. A bake
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hardening heat treatment, with or without prestraining, slightly lowers the strain rate
sensitivity at low strain rate, due to the athermal nature of the bake hardening stress
component.  Similarly, grain refinement or precipitation hardening do not influence
noticeably the strain rate sensitivity, since grain boundaries and precipitates build athermal
long range obstacles.
+ Among all possible hardening mechanisms, solid solution hardening lowers most effectively
the strain rate sensitivity. This somehow paradoxal solid solution softening effect is related
to thermally activated short range interactions between solute atoms and dislocations, which
decrease the local peierl’s stress and also therefore the strain rate sensitivity.
+ Second phase hardening, with addition of hard bainite or martensite phase in the ferrite
matrix, effectively lowers the strain rate sensitivity of AHSS steel grades, as for dualphase,
low alloy TRIP or multiphase (CP) steel grades. According to the rule of mixture, the more
athermal hard phase is added to the ferrite matrix, the lower the strain rate sensitivity for the
overall resulting microstructure.
+ Low alloy TRIP steels show a slightly lower strain rate sensitivity, in comparison to
dualphase steels. The higher the retained austenite stability, as for Al-Si-TRIP steels in
comparison to Si-TRIP grades, the lower the resulting strain rate sensitivity.
+ Metastable high alloy stainless TRIP steels show a strong interaction between TRIP effect
and adiabatic heating, testing temperature, strain hardening and preliminary pre-straining.
The TRIP effect is enhanced with increasing pre-straining triaxiality and can be suppressed
as the effective testing temperature increases. This leads to negative strain rate sensitivity
values in the low strain rate range, corresponding to the isotherm-adiabatic transition, and at
high strain level.
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3. Experimental Procedures
This chapter deals with the IEHK specific testing servohydraulic dynamic tensile test set-up. The
vibration behaviour of the IEHK dynamic tensile machines after impact testing has been analysed,
modelled and the different set-up optimisation methods have been compared.
Vibrations in strain and load signals require some sophisticated analysis tool, in order to deliver the
dynamic mechanical properties and flow curves similar to quasistatic tensile testing. The IEHK
tensile testing analysis method is shortly presented in this chapter. A method is also given in order
to define and quantify properly the strain rate sensitivity value from dynamic flow curves.
3.1. Experimental set-up
3.1.1. Test machines
The test set-up at IEHK has been already described in [122], [153], [154]. The different testing
methods, for load and displacement measurements, are given here after as background information
for the subsequent oscillation investigation.
High speed tensile tests are performed on two servo-hydraulic testing machines (Figure 62). The
servohydraulic 100kN Schenck high speed tensile testing machine allows piston speeds from 0,01
to 4000mms-1. A temperature chamber enables tensile tests within the temperature range
[-180°C-180°C]. The 20kN servohydraulic Roell-Amsler tensile testing machine is used for higher
speeds up to 10ms-1, but tensile tests can only be performed at room temperature with this machine.
(a) (b)
Figure 62: Servohydraulic high speed tensile test machines at IEHK (a): Schenck; (b): Roell-Amsler.
Figure 63 shows a schematic sketch of the Schenck and Roell-Amsler servohydraulic tensile testing
machines. The design allows an acceleration of the piston to reach the desired speed. The specimen
is decoupled from the accelerated piston. At the end of the acceleration distance, also called lost
motion track, which depends on the strain rate to be achieved, the piston hits the lost motion rod,
and the kinetic energy of the piston is then transferred to the specimen into deformation work. This
impact creates oscillations through the whole machine. The oscillations are especially high in the
load signal. As a result, at high strain rates, wave propagation, inertia effects and frequency
response of the transducers have to be monitored accurately in order to minimize the signal
waviness.
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Figure 63: Sketch of the high speed tensile test experimental set-up (a): Schenck; (b): Roell-Amsler.
3.1.2. Sample grip device
Depending on the testing machine design, different grip systems have been implemented in the
literature in order to minimize the oscillations amplitude (Figure 64). Both IEHK machines use the
first grip device shown in Figure 64a. This is a conventional grip design, which is subjected to the
most severe impact conditions when compared to the other grip designs.
Force measurement unit
Static grip
Sample
Pre-load facility
Screwed wedges
Damping element
Lost motion rod
Acceleration unit
Piston rod
                   (a)     (b)       (c )
Figure 64: Design concepts for acceleration unit (source: Instron).
The older 100kN Schenck machine is build with a massive frame, designed for high load levels.
Moreover the piezoquarz load cell is located far away from the sample, outside the climatic
chamber (Figure 65a). The heavy parts bring high inertia effects, so that quasi local load
measurement, with a calibrated strain gage load cell on the grips, had first to be developed in order
to deliver reliable load signals up to 4ms-1 (Figure 65).
The 20kN Roell-Amsler machine is designed with a piezoquarz load cell close to the sample. This
is possible since there is no climatic chamber in between for this machine. For high strength
materials, a massive clamping system named (“Roell I”) that can be used in combination with
hardened steel or lighter titanium grips (Figure 65b). Otherwise, tests are performed with a
lightweight designed titanium clamping device (“Roell II”, Figure 65c). The oscillation behaviour
depends on the grip device used. The grip device „Roell I” with steel grips is 3,5 times heavier than
the “Roell II” titanium load cell. The grip device „Roell I” with  titanium grips is 2,75 times heavier
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than the „Roell II“ grip device. The “Roell II” clamping system has therefore achieved some
significant weight reduction.
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Figure 65: Grip devices: (a): Schenck S56; (b): Roell-Amsler (“Roell I”); (c): Roell-Amsler (“Roell II”).
The test set-up is subject to bending effects that cannot be fully eliminated, even with the most
careful alignment precautions, especially when using damping elements (Figure 66a). With this grip
design, the lost motion rod rebounds after piston impact, and does not guarantee a closed contact
grip. This can be seen indirectly in some additional “rebounds” in the piezoquarz load cell signal
along with the main load minima and maxima (Figure 66b).
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Figure 66: (a) Origin of bending effects with/without damping rubbers;
(b): Additional rebounds of the piston rod.
3.1.3. Force and strain measurement
During the test, the force is measured continuously by strain gages fixed on the titanium load cell
(F2), and by the piezoelectric load cell (F1). A third possibility to measure the force is to attach a
strain gage to the dynamometer section of the sample (F3) (Figure 67). Furthermore, bending
oscillations can be reduced by applying strain gages in the dynamometer section, on both sides of
the sample (F4).
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Figure 67: Example of sample geometry with an extended dynamometer section and sample strain gage
load cell; dimensions in mm.
For a test performed at a speed V0,  the corresponding global strain rate is given by V0/L0, with L0
sample gage length (L0=20mm, Figure 67). The quality of the load signals improves when
recording the load closer to the sample. This reduction of oscillations goes however at the operating
expense, as the strain gages attached to the sample have to be calibrated in advance of each test.
In usual practice, the measuring technique is adjusted to the nominal value of the strain rate. At
piston velocities below 0,1ms-1 the piezoelectric load cell is used to receive the stress signal,
whereas the strain gage on the clamping system is used at piston velocities higher than 0,1ms-1, and
a less disturbed signal is achieved. The strain gage is quasistatically calibrated as a force transducer.
At piston velocities higher than 1ms-1, the oscillations of these load cells are too high. To use this
measuring technique there is the possibility to reduce the ringing by rubber damping, which is
placed between the sample and the clamping where the impact happens. A disadvantage of this
method is that, because of the damping, the strain rate at the beginning of the test might be reduced.
As a consequence, nowadays most experiments, at high strain rates, are carried out with strain gages
attached to the dynamometer section of the sample itself.
For the recording of the strain there are several possibilities as well. The easiest way is to calculate
the strain from the piston displacement, recorded via Linear Variable Differential Transformator
(LVDT) (L1). If this is done, it has to be taken care that the machine rigidity is not influencing the
strain data. Therefore, it is possible to record the low strains with a strain gage attached to the gage
length of the sample, and then add the higher strains from LVDT (L3).
Another possibility is to measure the strain with optoelectronical (L2) or laser extensometers
directly on the sample. With this technique, which is now almost a testing standard, it is possible to
record the strain on the sample, throughout the test, until sample fracture. At the IEHK institute, an
optoelectronic Zimmer Extensometer is used for local strain measurement on the sample.
Table 11 gives a summary of the different dynamic testing possibilities. Table 12 shows an
estimation of the corresponding effort versus accuracy. The most challenging combination would
result with force and strain measurement on the sample (F3 + L2) especially because of time
consuming strain gage application and calibration procedure. In any case the use of optoelectronic
extensometer (L2) should be preferred, since it does not increase much the testing time, once
properly set up, and improves significantly the strain measurement accuracy. Piezoquarz load cell
can be used instead of calibrated strain gage load cells on the sample with light damping, however
the accuracy of measurements would suffer, especially in the yield strength region (F1/F2 +L2).
The choice of the testing method depends strongly on the testing speed and the material considered.
Increasing requirements concerning the accuracy of dynamic tensile tests have resulted in high
quality input data for e.g. crash simulation. High quality experiments make it however impossible to
characterise a material by statistic, as it is done in quasistatic material testing.
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Table 11: Available dynamic load and displacement measurement techniques.
F1 piezoquarz load cell without damping
F2 strain gage grip load cell without damping
F1D piezoquarz load cell with damping
F2D strain gage grip load cell with damping
F3 strain gage sample load cell (one side) without damping
F4 strain gage sample load cell (both sides) without damping
LVDT Piston displacement
Gage length elongation optical Zimmer extensometer
Strain gage in gage length for small strains + LVDT piston
Force measurement
L3
L2
L1
Strain measurement
Test method
< 1ms-1
> 1ms-1
Testing speed Test method
Table 12: Comparison of testing time and accuracy for different load/strain measurement techniques.
Test set-up Relative testing time Yield stressaccuracy
Tensile stress
accuracy
Elongation values
accuracy
Strain rate
accuracy
F3+L3 x8 ++ + + +
F3+L2 x 8 + + ++ ++
F4+L1 x 6 ++ ++ + +
F3+L1 x 4 + + + +
F1D/F2D+L1 x 1 (x2 with nonambient temperature) - + + - -
F1/F2+L1 x 1 (x2 with nonambient temperature) +++ +++ + -
+++ excellent ++ very good  + good  – poor  – – unsatisfactory
3.2. Servohydraulic machines vibration behaviour
Hereafter the oscillation behaviour of the Schenck and Roell-Amsler servohydraulic dynamic
tensile testing machines used at the RWTH Department of Ferrous Metallurgy (IEHK) is
investigated. The dynamic longitudinal and bending oscillations, propagating through the test
set-up, have been characterised with a Fast Fourier analysis (FFT) and a simple analytical model
[155], [156]. When increasing the strain rate, the Eigen frequency of the test set-up becomes a
limiting factor. With higher testing speed, the oscillations amplitude and inertia effects increase
also, which makes it difficult to determine accurately the mechanical properties (as usually done
with quasistatic tensile tests). The test set-up optimisation procedure is described in the present
chapter. Most results have been published in [156].
3.2.1. Dynamic testing vibration effects: background
Servohydraulic dynamic tensile, compression and bending tests have been developed in order to
characterise the crash behaviour of materials and components. Accurate dynamic flow curves are
increasingly needed for the automotive industry in order to shorten development time and optimise
vehicle crashworthiness in the computer aided design phase. Vibrations effects disturb however
impact loading tests. A short literature review is given here after.
Instrumented Charpy tests, also called pendulum pre-cracked notch bar impact test, have been
developed for fracture mechanics testing. This testing method has been traditionally faced with
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large inertia effects [157]-[164]. Force-displacement curves are superposed with distorting
oscillation effects, which must be taken into account for the interpretation of force-displacement
curves.
Fast Fourier Transformation analysis (FFT) enables an identification of the different frequency
response levels within the test set-up. High frequency oscillations depend strongly on the striker
design and range between 10 and 50kHz [158],[163]. Such oscillations can be reduced by
improving the set-up alignment and a lightweight design of the accelerated parts. The load cell
should be located as close as possible to the sample itself in order to minimize inertia effects [159].
A stiff and lightweight machine design is generally desirable in order to increase the natural
oscillation frequency [163]. The dynamic loading case differs sensibly from the quasistatic one due
to differing boundary contact condition [160]. According to [161] the predominant vibration modes
in a Charpy impact test consist in longitudinal oscillations between the hammer blade and both top
and backside of the blade, as well as bending-torsion vibration of the anvil. Changes in the anvil
design could achieve a significant damping of the longitudinal vibrations and improve the accuracy
of the load signal.
Dynamic 3-point bending test on thin walled channel beam carried out at 2 and 5ms-1 were also
affected by low frequency inertia effects [165]. A frequency response analysis of the test set- up
showed frequency values around 1-2kHz. The load signals were filtered consequently.
Servohydraulic dynamic compression tests face the same vibration problems [166]-[169].
A FFT-analysis revealed several Eigen frequencies at around 2, 6 and 10kHz in the dynamic
compression test set-up [166]. The load cell stiffness plays a key role in the vibration behaviour of
the test set-up. In [167]-[169] a single Eigen frequency mode around 1,7kHz has been observed.
The Eigen frequency could then be increased up to 5kHz depending on the load cell design as well
as the grip material (titanium) and the sample size.
Dynamic tensile tests are performed in order to generate dynamic flow curves required for OEM’s
crash simulations. Inertia effects are also encountered with this testing method [170]-[174]. One
limiting factor of such tests is not the impact velocity but the Eigen frequency of the piezoquarz
load cell, physically limited to 10kHz with conventional test set-ups [172].
With strain gage load cells close to the sample or on the dynamometer section of the sample, Eigen
frequency values can be increased up to 20kHz [165]. Depending on the ductility of the material
and strain rate, at least 3 to 5 oscillations in the plastic range should take place for a valid test result
[165]. Piezoquarz load cells have a low Eigen frequency level, of for example 6kHz in [170], 3kHz
in [173], 5kHz in [174]. A stiffer and lighter piezoquarz load cell design  increases the Eigen
frequency of the test set-up from 5kHz up to 10kHz [174].
Analytical and FE-modelling of the oscillation behaviour of test set-up have been carried out often
in the literature in order to cope with the dynamics of such tests. Modelling of the oscillation
behaviour of instrumented Charpy impact test has been successfully performed using a damped
mass-spring model [162]-[164]. Contact stiffness and spring stiffness have been included into such
models. An exponential damping factor has been introduced in front of each harmonic component
of the model, in order to reproduce experimental results. This modelling method of “selective load
smoothing” has also been followed to correct the vibration behaviour of dynamic compression tests
[167]-[169].
Currently, there is no national or international standard, neither for the dynamic tensile test
machines, nor for the testing itself. Thus, it is very difficult to compare results obtained from
different sources. First approaches for a specification of this tensile test procedure have been
achieved by the VDEh German Iron and Steel Institute [37], [175], [176], the ESIS European
Structural Integrity Society [177], [178] and by the IISI International Iron and Steel Institute [179],
[180]. Those documents describe briefly the procedures for dynamic tensile testing of sheet steel.
The testing recommendations are based on international round robin tests and can be considered as
valuable testing guidelines.
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A wide experience has been gathered at the Department of Ferrous Metallurgy of RWTH Aachen
(IEHK) about dynamic tensile testing with servohydraulic machines and their vibration behaviour
[85], [122], [153]-[156], [181], [182]. The reduction of vibration has been achieved in a similar way
as described in [133] and according to the general dynamic testing guidelines. In the following
work, it is intended to characterise the experimental set-up and quantify the progress gained after
machine optimisation with regard to the vibration behaviour.
3.2.2. Dynamic impact loading effects: experimental methods
In order to obtain reliable load signals at speed levels above 1ms-1, various additional experimental
techniques have to be implemented as described here after.
Damping rubber elements are the easiest way to smooth the load signal. The use of damping
elements may smooth the signal in a very efficient way (Figure 68a). The elastic slope, until yield
strength, is however quite reduced and machine stiffness correction methods are required for
subsequent plastic flow curve calculations. Damping will however be used at the expense of the
effective strain rate in the elastic-plastic range. Damping deteriorates the strain rate constancy until
uniform elongation (Figure 68b).
Any damping leads to underestimated yield strength values, and thus to inaccurate flow curves,
which are supposed to be determined at constant strain rate (Figure 69). The use of damping is
therefore not suitable for strain rate sensitive materials, like deep drawing steel DC04. This is one of
the main reasons why mechanical properties from the literature cannot be compared accurately
[183]. New testing standards do not recommend the use of damping because of such effects
[175]-[180].
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Figure 68: Influence of damping. (a): on load signal quality (piezoquarz, HX220BD, 2ms-1, Roell-Amsler);
(b): on strain rate (Zimmer extensometer, grip strain gage load cell, HCT500X, 4ms-1, Schenck).
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Figure 69. Influence of damping on yield and tensile strength (HX220BD, 2ms-1, Roell-Amsler).
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If damping is to be avoided, then local strain gage sample load cells are used, at speeds higher than
1ms-1, in order to minimize inertia effects and increase vibration frequency (Figure 70a). Especially
in the yield strength region, the quality of load signals is highly increased. By using two strain
gages on both sides of the sample, the signal waviness is reduced even more, through compensation
of the bending effects in the resulting average load signal (Figure 70b). This experimental method,
however, is not recommended for large series testing, because of the high testing costs (1 test/day).
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Figure 70: (a): Piezoquarz and strain gage sample load cell signals with spline smoothing (HX260LAD,2ms-1,
Roell); (b): Load signal quality with double sided sample strain gage load cell (HDT780C, 4ms-1, Roell).
3.2.3. Fast Fourier Transformation analysis (FFT)
The precision of experimental results is strongly influenced by set-up oscillations. The load signal
oscillation behaviour has been therefore investigated mathematically more in detail.  From the
physical point of view, the test set-up behaves like a damped oscillator.
In order to characterise the vibration behaviour of the test set-up, a Fast Fourier Transformation
(FFT) analysis has been performed on typical time-load signals, recorded from experimental
dynamic tensile tests, for both Schenck and Roell-Amsler machines.
The FFT-analysis yields amplitude versus frequency curves, and highlights the different Eigen
frequencies of the system. At high testing speed, the FFT quality however deteriorates significantly,
because of the limited experimental data sampling rate. At strain rate above 200s-1 no reliable
results can be achieved with the FFT-analysis technique. The FFT-analysis is nonetheless an
efficient tool for a preliminary evaluation of the oscillation behaviour of the test set-up.
3.2.3.1. FFT-analysis: Schenck
Figure 71 shows the vibration behaviour of the Schenck machine at 4ms-1 for an austenitic steel as a
representative example. The FFT-analysis of the piezoquarz load signal reveals three Eigen
frequencies (0,6, 2,1 and 5,1kHz). The first Eigen frequency with a low frequency of 0,6kHz
dominates the oscillation behaviour. The piezoquarz load cell therefore does not give reliable
signals, and does not even vibrate coherent with the strain gage grip load signal.
The tensile test machine gives inaccurate results at speeds already higher than 0,1ms-1, when using
the piezoquarz load cell, which is located far away from the sample, because of the climatic
chamber (Figure 63a). Therefore a strain gage grip load cell has been developed in the past at the
IEHK institute. This strain gage grip load cell vibrates with one clearly defined Eigen frequency of
around 5kHz. This enables this machine to deliverer accurate results which enhances the importance
of the load cell location.
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Figure 71: FFT-Analysis Schenck: piezoquarz and strain gage grip load cell (1.4301, 4ms-1, with damping).
(a): load-time signals; (b): FFT amplitude-frequency analysis.
3.2.3.2.  FFT-analysis: Roell-Amsler
Figure 72 shows the vibration behaviour at 4ms-1 (200s-1) of steel grade HX220BD for the
Roell-Amsler testing machine. The piezoquarz load oscillates around the sample strain gage load
signal (Figure 72a). The FFT-analysis highlights the Eigen frequencies of the system, with the
corresponding amplitudes (Figure 72b).
The piezoquarz load vibrates with a 7,8kHz frequency. The sample strain gage load signal vibrates
at a much higher oscillation frequency, around 15kHz, with almost negligible amplitudes. The use
of a sample strain gage load cell improves therefore very much the quality of the load cell signal.
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Figure 72: FFT-Analysis Roell-Amsler: piezoquarz and strain gage sample load cell (4ms-1; HX220BD,
without damping). (a): load-time signals; (b): FFT amplitude-frequency analysis.
Figure 73 shows the vibration behaviour of the grip strain gage load cell, in comparison to the
piezoquarz load cell. Grip strain gage and piezoquarz load signals oscillate coherent with the same
frequency. The amplitude of the grip strain gage load is only slightly lower that the one of the
piezoquarz. The grip strain gage load cell does not bring any significant improvement for the Roell-
Amsler specific test set-up. The Roell-Amsler set-up is designed such that the piezoquarz load cell
is located close to the sample. In this particular configuration, no significant improvement of the
load signal quality can be achieved by a quasi local grip strain gage load cell. In this case a local
sample strain gage load cell, applied directly on the sample, is necessary, in order to decrease
significantly the vibration amplitude.
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Figure 73: FFT-Analysis Roell-Amsler: piezoquarz and strain gage grip load cell (4ms-1; HX220BD,
without damping). (a): load-time signals; (b): FFT amplitude-frequency analysis.
Figure 74 shows the vibration behaviour after sample fracture of the Roell-Amsler machine for the
piezoquarz and strain gage sample load cell. The Eigen frequencies of both load cells are increased
up to 15kHz (instead of 8kHz before fracture) for the piezoquarz load cell and 20kHz (instead of
15kHz before fracture) for the strain gage sample load cell. So the vibration behaviour of the load
cell after fracture (system: piezoquarz/grip/sample) differs significantly from before fracture
(system: piezoquarz/grip/sample/piston). The vibrating mass involved after fracture is lower, the
harmonic frequencies are therefore increased.
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Figure 74: FFT-Analysis Roell-Amsler: piezoquarz and strain gage sample load cell (4ms-1; HX220BD,
without damping). (a): load-time signals; (b): FFT amplitude-frequency analysis (after fracture).
3.2.4. Analytical modelling
3.2.4.1. Analytical model
Because of the lack of accuracy of the FFT-analysis for the high speed experiments, an analytical
model has been developed, based on the assumption that the signal can be decomposed in a
multitude of independent damped vibrations. This model has been successfully applied for a large
amount of tests for both testing machines (Figure 75). It is based on the experimental observation
that mostly three Eigen frequencies can be observed, the highest 3rd Eigen frequency being
attributed to a damped longitudinal oscillation, the lowest 1st and  2nd Eigen frequencies to almost
undamped bending oscillations. The engineering stress signal eng,model is modelled versus
engineering strain eng as a superposition of a vibration free smoothed spline stress signal eng, spline,
and an oscillating signal, equation (66):
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The oscillating component of the model is decomposed in three independent signals, each of which
is defined with an initial amplitude Ai,0, a frequency fi , a logarithmic decrement i and a phase shift
factor eng0,i. The logarithmic decrement i defined in equation (66) corresponds  to the  ratio of
succeeding amplitudes within a time period Ti , equation (67):
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with Ai,0 initial oscillation amplitude and Ai,n amplitude of oscillation number n (for oscillation
component nbr. i.).
The logarithmic decrement  is linked to the damping ratio  (<1) as follows:
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With fD and f0 respectively damped and undamped frequency (o=25f0).
The experimental values for the logarithmic decrement do not exceed 0,4. This means a maximum
damping ratio  around 6% according to equation (68). The oscillations are clearly “under damped”
with a damping ratio  far below 1.
The  first component of the vibration signal is referred to as the “longitudinal oscillation” and has
the highest frequency, initial amplitude and damping factor. The other two signals model the
“bending oscillations” with lower frequencies, almost no damping and low initial amplitudes
(Figure 75a). If no significant bending effects are recognized, it is always possible to set the initial
amplitude Ai of the corresponding signals to 0 in equation (66) (Figure 75b).
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Figure 75: Comparison between model and experiment; (a): HX220BD, Roell-Amsler, 2ms-1, piezoquarz
load cell; (b): HDT900C, Schenck, 4ms-1, strain gage grip load cell.
Based on this model, some more accurate investigations of the vibration behaviour of both dynamic
tensile test machines have been performed.
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3.2.4.2. Schenck model analysis
The developed model analysis tool has been applied with already available experimental dynamic
testing performed with the Schenck machine with damped signals. Dynamic testing has been
performed at 10, 100 and 200s-1 (0,2, 2 and 4ms-1) at different temperatures (Figure 76). The signals
have been slightly damped, as usually done with the Schenck machine. The frequency of the
longitudinal strain gage grip load cell oscillations lies in the range between 5kHz and 6kHz, for any
strain rate and temperature. The piezoquarz load cell vibrates with a much lower frequency between
0,6kHz and 0,7kHz.
The strain gage grip load cell improves therefore the main vibration frequency from 0,7kHz to
5kHz. The strain rate, temperature and damping configuration have little influence on the vibration
frequency of the machine. The maximum testing speed of the Schenck machine lying around 4ms-1
(200s-1), a 5kHz Eigen frequency should be considered as a satisfying result.
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Figure 76: Oscillation frequency Schenck (a): 10/100s-1 at 296K; (b): 200s-1 at 233/296/373K.
3.2.4.3. Roell-Amsler model analysis
The main focus has been laid on the Roell-Amsler machine with a wider testing speed range and the
most modern test set-up. The normalised oscillation amplitude is defined as the ratio of the initial
oscillation amplitude to the load level of the corresponding yield strength. This normalised
amplitude will be used later on in the frame of this investigation.
The influence of rubber damping on the normalised vibration amplitude has been specifically
investigated in the frame of this investigation (Figure 77a). The damping reduces considerably the
vibration amplitude of longitudinal oscillations, but do not influence the bending oscillation
amplitude. The strain gage grip load cell amplitude is slightly lower than the amplitude of the
piezoquarz load cell, for any damping configuration. The normalised amplitude increases with
increasing strain rate, for any damping amount. The oscillation amplitude of the strain gage sample
load cell does not increase substantially with increasing strain rate, as with the piezoquarz or strain
gage grip load cells (Figure 77b).
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Figure 77: (a): Influence of damping on longitudinal/bending oscillation amplitude (4ms-1, HX220BD,
Roell-Amsler); (b): Influence of strain rate on longitudinal oscillation amplitude (HX220BD, Roell-Amsler)
The normalised oscillation amplitude, in the case of strain gage grip and piezoquarz load cells,
increases significantly with an increasing grip mass, due to higher inertia effects  (Figure 78a). For
sample strain gage load cell this does not have any effect.
Another positive effect of lightweight grip design is to almost double the longitudinal frequency of
the piezoquarz load cell from the test set-up (Figure 78b). An optimal lightweight design of the grip
with a material of low density and high stiffness like titanium is therefore of primary importance, in
order to minimize the initial oscillation amplitude (“Roell II”, Figure 65c). For very high strength
steels or thick materials, the use of heavier steel grips may still be necessary, in order to apply
enough clamping force and avoid sample slipping within the grips (“Roell I”, Figure 65b).
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Figure 78: Influence of grip mass (4ms-1, HX220BD, Roell-Amsler) (a): on normalised longitudinal
amplitude; (b): on longitudinal oscillation frequency.
The shorter the sample, the higher the piezoquarz oscillation frequency (Figure 79a). This is in
agreement with common vibration theory. The number of oscillations until fracture depends on the
fracture elongation values and the strain rate considered (Figure 79b).
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Figure 79: (a): Influence of sample length on the piezoquarz longitudinal vibration frequency (4ms-1,
HX220BD, Roell-Amsler); (b): Number of oscillations until fracture (8ms-1, piezoquarz, Roell-Amsler ).
Knowing the vibration frequency of the machine, it is possible to estimate the number of vibrations
in the load signal for a given engineering strain, equation (69). Based on the experimental value of
the logarithmic decrement, it is then possible to predict, for vibration component i, the relative
amplitude reduction xi,n for the vibration number n, equation (69):
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with fi: frequency and Ai,n amplitude of vibration n (for vibration component i), eng engineering
strain,  : strain rate.
Figure 80a shows the predicted number of oscillations, up to a given engineering strain for different
strain rates, with the Roell-Amsler machine, at a 8kHz piezoquarz vibration frequency. It is
recommended to keep at least five oscillations in the signal until fracture, in order to apply a spline
accurately across the engineering stress-strain curve. Increasing the Eigen frequency of the system
enables to fulfill this criteria for most materials, even at high strain rate. Figure 80b gives the
corresponding amplitude decrease xn for different damping factors, according to equation (69). The
higher the logarithmic decrement, the smoother the signals.
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Figure 80: (a): Relation between engineering strain and oscillation number (Roell-Amsler, 8kHz Eigen
frequency); (b): Relative amplitude decrease for a given oscillation number and logarithmic decrement.
Figure 81a shows the influence of strain rate on the logarithmic decrement, as defined in
equation (67). For any damping configuration, it seems that the logarithmic decrement value
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decreases with increasing strain rate. For a given strain rate, the logarithmic decrement does not
depend on the damping amount. At high speed, the test system cannot absorb the higher oscillation
energy as efficiently as at low speed.
Another effect of strain rate is to increase the yield ratio of materials. The work hardening rate
decreases, the transition between elastic and plastic region is sharper, and the initial oscillation
amplitude increases, especially when little damping is used (Figure 81b).
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Figure 81: Steel grade HX220BD, piezoquarz, Roell-Amsler: (a): Influence of strain rate on the logarithmic
decrement; (b): Influence of strain rate and yield ratio on the normalised longitudinal oscillation amplitude.
3.2.5. Material influence on vibration behaviour
The test material plays also an important role in the oscillation behaviour, independently from the
set-up design. Figure 82 shows the difference between a bake hardening steel HX220BD
(Figure 82a) and a dualphase steel HCT780XD (Figure 82b) at 2ms-1 (100s-1). HCT780XD steel
grade vibrates with a lower initial amplitude as HX220BD, although it has a higher tensile strength.
Far more important than the tensile strength, is therefore the yield ratio of the materials, defined as
the ratio of yield to tensile strength. Materials with a low yield ratio like dualphase, TRIP or
austenitic steels are easier to test than high yield ratio bake hardening steels, or pre-strained
materials. The presence of a sharp yield point, as for bake hardening steels, enhances the initial
oscillation amplitude, so that the use of strain gage sample load cell may be recommended in this
case, even at relatively low speed (2ms-1).
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Figure 82:  Roell-Amsler 2ms-1 (100s-1) without damping, oscillations. (a): HX220BD; (b): HCT780XD.
At higher speed, the ductility of the materials is also an important parameter. Figure 83 shows the
difference at 400s-1 (8ms-1) between a ductile aluminium alloy AA5754 (Figure 83a) and a less
ductile magnesium alloy AZ91 (Figure 83b). The piezoquarz load cell is thus not accurate anymore
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for AZ91, since it shows only one single oscillation until fracture. The use of strain gage sample
load cell is mandatory in this case (Figure 83b).
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Figure 83:  Roell-Amsler 8ms-1 (400s-1) without damping, oscillation behaviour (a): AA5754; (b): AZ91.
The ratio of yield ratio to fracture elongation (quasistatic values) is an appropriate parameter to
compare the testing complexity for different materials:
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High yield ratio materials, with low work hardening capability and low ductility, require the most
intensive testing method. This is the case for AHSS and UHSS steels, magnesium alloys and pre-
strained materials (Figure 84).
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Figure 84:  Comparison of the testing difficulty for different materials.
3.2.6. Load smoothing methods
Different smoothing methods are compared, in Figure 85a, between a gliding average function, an
analytical 3rd degree polynomial and a non parametric approximating 3rd degree spline with weight
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factors, as used at IEHK [184]-[187]. As confirmed in a round robin test [175], spline and analytical
polynomials deliver very similar results. The average gliding method do not give satisfying results
because of strong side effects (Figure 85a).
Some low pass filters have been investigated, with limiting upper frequency between 0,2kHz and
0,6kHz (Figure 85b). Depending on the upper frequency selected, different smoothed signals are
obtained. The results are therefore as subjective as when using a conventional spline. Furthermore
the risk of loss of information, especially in the yield strength region, is well known with filters. For
those reasons it has been decided at IEHK to avoid filters as a smoothing technique. It exists in this
field a consensus for most laboratories dealing with servohydraulic dynamic tensile testing [175].
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Figure 85: (a): Comparison of load smoothing methods; (b): Comparison of different low pass filters.
3.2.7. Conclusions
Vibrations cannot be avoided with servohydraulic dynamic tensile testing machines. However, the
vibration behaviour can be managed efficiently through an optimised test set-up design, as well as
an appropriate load measurement method. Moving from global piezoquarz load cell to quasi-local
strain gage grip load cell, or even local strain gage sample load cell force measurement is necessary
with increasing testing speed. This minimizes inertia effects and still allows the determination of the
mechanical properties with enough accuracy.
Damping rubbers, although beneficial when related to load signal smoothing, should be avoided as
recommended in most standards, since their use comes at the expense of yield strength accuracy and
strain rate constancy. The use of damping, if really necessary, is only allowed if the effect of
damping can be proved to be negligible on the strain rate, locally measured in the sample gage
length region.
An increase of the vibration frequency from 0,7kHz to 5kHz could be achieved with strain gage
grip load cell for the Schenck machine. An optimised lightweight grip design allows an additional
increase of the piezoquarz vibration frequency of the system, from 5kHz to 8kHz, for the Roell-
Amsler machine. This confirms literature investigations indicating that the physical upper limit for
servohydraulic machine lies around 10kHz, whatever optimisation method has been chosen.
The use of an analytical model has allowed identifying quite accurately the test set-up vibration
behaviour. Longitudinal oscillations, with high Eigen frequency, high initial amplitude and high
logarithmic decrement, have been isolated from bending oscillations, with low Eigen frequencies,
low initial amplitude and low logarithmic decrement.
Based on the quasistatic yield ratio, and elongation values of the material to be tested, it is then
possible to estimate better the testing requirements, and select the appropriate testing method for a
given material.
Because of such advanced testing method requirements, dynamic tensile tests must be considered as
a relatively time consuming testing method, requiring extensive technical know-how. Generally it is
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recommended to improve the quality of load signals instead of relying on sophisticated smoothing
algorithms, FEM based inverse methods or filtering methods. Although still necessary, even with
the best set-up optimisation procedure, those algorithms bring some loss of information especially
in the elasto-plastic transition region.
3.3. Dynamic flow curve determination method
Servohydraulic dynamic tests require a specific analysis algorithm in order to deliver dynamic
mechanical properties and dynamic flow curves as expected for the simulation.
Oscillations in the load signal require some load smoothing. Dynamic noise effects in the
displacement recorded, with high sampling frequency, makes also a light smoothing of
displacement signal versus time necessary. The information of local strain rate during the test is also
specifically required. Standard data analysis tools are available for quasistatic tensile tests, but so
far not for dynamic tensile tests. A specific software has been developed at IEHK to fulfil those
very specific requirements, the theoretical background of which is given here after.
3.3.1. Smoothing algorithm
The load as well as the displacement signals have to be smoothed more or less in order to get
reliable mechanical properties and flow curves. The load versus displacement or the displacement
versus time curves are smoothed with a 3rd degree non parametric approximating polynomial spline
[184]-[187].
The load curve to be smoothed is decomposed with the spline method, in a multitude of segments
[X(i), X(i+1)] with each a cubic polynomials Pi(x), with free ends and weight factors Wi. Wi<=
results in an interpolating spline function (“smooth” spline). Wi<0 results in an interpolation line
(“hard” spline). By varying the weight factors, it is possible to adapt the smoothing possibilities
depending on the signal waviness. This is the clear advantage of the spline method in comparison to
conventional analytical polynomials.  High oscillations in the load signal at high speed require for
example some “hard” spline. However the displacement smoothing versus time requires only some
light smoothing.
Input data are the X,Y and weight factor values for each data point [X(i), Y(i), Wi(i)]. The spline
function delivers then for each [X(i)-X(i+1)] interval the coefficients of the cubic spline in a matrix
form [X(i), A0(i), A1(i), A2(i), A3(i)], The smoothed polynomial value Pi(X) is then determined for
each interval [X(i), X(i+1)] according to following equation:
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A specific polynomial Pi(x) is therefore attributed for each point X(i). One drawback of this method
is that there is not an overall analytical expression of the spline for the whole data set, so that
specific spline values for specific X-value must be linearly interpolated between the surrounding
experimental X(i) values. The cubic polynomial coefficients are only delivered in a matrix and no
analytical form. The main advantage however in comparison to conventional Lagrange polynomials
or gliding average methods is the very useful smoothing flexibility thanks to the  weight factors.
Practically only the coefficients A0(i)=P(X(i)) are used to build the spline. Between individual
points no interpolation is performed. There are enough experimental points, so that a linear
interpolation from point to point yields accurate enough results to build the spline.
The first and second derivative are obtained from the matrix results in order to deliver some strain
rate information for example and yield some information about the strain rate variation and thus to
check the smoothing quality.
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3.3.2. Dynamic tensile testing analysis
Mechanical properties and flow curves are determined from time-displacement-load data recorded
from the dynamic tensile tests. The analysis method is presented hereafter.
3.3.2.1. Displacement smoothing
The displacement must increase strictly linearly with time, otherwise the following smoothing of
load versus strain cannot be possible. The spline requires some strict linear increasing X-values.
From the displacement smoothing the strain rate can be obtained in a relative smoothed way.
Without displacement smoothing versus time, the strain rate information would be lost in the
electronic noise effects. The smoothing must be light enough to cover the signal waviness without
however loosing the useful information especially in the yield region.
3.3.2.2. Strain rate determination
The strain rate is defined as nominal or technical strain rate. The nominal strain rate is determined
from the global average piston speed V0 during the test, taking as a reference the parallel sample
length Lc  according to the following equation:
cL
V0 (72)
Some more detailed information can be gained by determining the technical strain rate from the
locally measured test speed Vlocal in the sample gage section L0:
dt
d  >
0L
Vlocal (73)
Mostly the technical plastic technical strain rate is determined, between the yield point and the
tensile strength, as follows.
    RmRppl ttaverage o   ....2. (74)
The strain rate has to be determined, the technical plastic strain rate is preferred to the global
nominal strain rate, since it delivers more precise information about the effective strain rate on the
sample (Figure 86).
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Figure 86: Technical strain rate.
3.3.2.3. Load smoothing
Once the strain versus time has been smoothed and the strain rate information determined, it is
necessary to smooth the load versus the smoothed strain. Otherwise, it is not possible to determine
accurately the tensile test mechanical properties analogically to the quasistatic tensile tests
(Figure 87).
3.3.2.4. Hook’s line
The Hook’s line is difficult to determine automatically. The signal waviness that can already take
place in the elastic region prevents a reliable automatic determination with linear regression tools in
order to determine the elastic slope. The Hook’s line is therefore determined manually with two
adequately chosen points in the upper elastic part of the Hook’s line. A line is drawn between the
two points, which is equivalent to the Hook’s line. This is still the most reliable way to determine
the Hook’s line, because of the multitude of different signal waviness configuration (Figure 87).
3.3.2.5. Mechanical properties
The engineering strain- stress curve are defined as follows:
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With: eng : engineering strain, eng : engineering stress; L: actual sample length, L0: initial sample
length; F: load; S0 initial sample section area.
The yield strength, tensile strength, uniform and fracture elongation are determined similar to
EN10002 norm [188], according to SEP1240 [37]. The yield strength can only be determined based
on the spline with more or less precision according to the signal waviness. Alternatively the higher
engineering stress values by 1, 2, 3% strain values with some signal damping can also be
determined, although such values are not identical to the yield strength value. In case of a yield
elongation, the lower yield value, as an average of the stress in the Lüder’s region, is taken into
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account. The upper yield strength has no physical meaning because of inertia effects. The tensile
strength (and plastic uniform elongation) can also only be determined as the maximum of the
smoothed engineering stress. Without smoothing, there would be too much scattering in the
mechanical values. The fracture elongation is determined based on the original unsmoothed stress
signal at the moment of fracture. Plastic elongation values are determined based on the Hook’s line
slope (Figure 87).
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Figure 87: Analysis method for dynamic mechanical properties on tensile test.
3.3.2.6. Flow curve
The flow curve is determined only up to uniform elongation (tensile strength) based on volume
constancy. Only the plastic strain component are considered. The true stress and true strain result
from equations (76) to (78):
Hook
splineeng
engplasticeng E
,
,exp,

  and )1ln( ,plasticeng  (76)
)1.( ,exp,exp plasticengeng   (77)
)1.( ,, plasticengsplineengspline   (78)
With
plasticeng , : plastic engineering strain; exp,eng : experimental engineering strain; splineeng, :
smoothed engineering stress; HookE : Hook’s line.  : true plastic strain. exp : True stress
unsmoothed; spline : true stress smoothed.
The engineering plastic strain is determined from smoothed engineering stress not from the
experimental stress, equation (76). Otherwise vibrations in the experimental load signal would lead
to non monotonic increasing plastic strain values.
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Furthermore only the plastic strain components are considered. The elastic components are
determined based on the experimental average slope in the elastic range of the engineering stress-
strain curve, not from the theoretical E-modulus value. This way the influence of the machine
rigidity is eliminated for following accurate flow curve determination in case the piston
displacement is recorded for strain measurement.
A distinction is made between experimental and smoothed plastic flow curves. The unsmoothed
flow curve is determined on the basis of the experimental unsmoothed engineering stress according
to equation (77). The smoothed flow curve is determined on the basis of the smoothed engineering
stress-strain curve according to equation (78).
Figure 88 shows a comparison between the engineering stress strain curve and plastic flow curve
with or without smoothing as previously defined.
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Figure 88: Engineering and plastic flow curve with and without smoothing.
3.3.2.7. Energy absorption
The energy absorption capability of tested materials is quantified with the specific mass energy or
the volume energy when the same materials are tested (same density ). The energy absorption can
be delivered in a continuous manner up to fracture elongation. The energy absorption is however
determined very often for a limited specific engineering plastic strain (10%, 20%). The
corresponding total elongation value is calculated along the Hook’s line (Figure 89). The specific
energy absorption Emass is then determined as the area under the smoothed engineering stress-strain
curve, according to following equation:
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(79)
The data are then exported according to the ASCII Format according to SEP1240 [37].
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Figure 89: Energy absorption determination.
3.3.3. Conclusions
Dynamic mechanical properties, similar to the quasistatic ones, are determined using a cubic spline
smoothing function in order to compensate the vibration dynamic effects. Another specificity of
dynamic tensile testing is the necessity of both strain rate constancy and documentation in the
plastic range, up to tensile strength. Flow curves at constant strain rate are needed for subsequent
crash simulations. The analysis of dynamic flow curves as performed with the IEHK specific
analysis software is conform to SEP1240 [37] and SEP1230 [176].
3.4. Strain rate sensitivity experimental characterisation
The determination of the strain rate sensitivity is not standardised so far. The strain and strain rate
dependency of this mechanical property is often omitted. For this reason, a comparison of
experimental data from the literature references is often not possible. It is the aim of the following
chapter to provide a choice of reliable methods for its quantitative experimental determination.
3.4.1. Experimental data processing
Preferably all the experimental flow stress values from all (valid) replicates have to be included in
the strain rate sensitivity calculation. No preliminary selection of “representative” flow curves or
flow stress averaging should be performed. This is the most objective method which takes into
account both all experimental values and natural scattering related to dynamic testing conditions.
The flow stress out of each experimental dynamic flow curve is represented versus (decimal)
logarithmic strain rate, for a specified true plastic strain value, Figure 90. Usually the strain rate
sensitivity increases with increasing strain rate. The strain rate sensitivity also decreases with
increasing true plastic strain because of adiabatic heating effects ([11], [14], [16], [19], [22], [189]).
For these reasons, it is important to specify the strain and strain rate level chosen when comparing
strain rate sensitivity values.
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Figure 90: Low, intermediate and high strain rate sensitivity at increasing true plastic strain.
3.4.2. Average strain rate sensitivity
The average strain rate sensitivity is usually determined by a linear regression of the flow stress
versus strain rate in a semi-log or log-log scale ([9], [21], [89], [91]). A linear regression over a
wide strain rate range does not make much sense, the fitting correlation would be poor. However, if
the strain rate range is splitted between different strain rate regions [4], for example a low strain rate
([10-3-20s-1]), an intermediate strain rate ([1-200s-1]) and a high strain rate region ([102-103s-1]), then
a linear fitting is suitable, Figure 90. The average strain rate sensitivity is suitable for experimental
comparisons and is mostly used in the literature, since determined in an objective manner. The
fitting correlation r2 indicates whether linear dependency exists or not.
3.4.3. Differential m-value
Similarly to the distinction between the strain hardening n-value and the differential n-value, it is
also possible to distinguish between an average m-value over a particular strain rate range and the
instantaneous strain rate sensitivity, also named differential m-value. The differential m value is a
derived quantity, since it is defined for example as the first derivative of flow stress versus
logarithmic strain rate when considering the semi-logarithmic strain rate sensitivity 10.
The flow stress however does not always increase regularly with logarithmic strain rate. The
experimental scatter observed requires some light smoothing of the experimental data, in order to
determine reliable differential instantaneous strain rate sensitivity values, Figure 91. The flow stress
can for example be smoothed with the gliding average method, as defined in equation (80). The
results are however not smooth enough, because not enough experimental points are available for a
reliable smoothing with this technique, Figure 91.
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Figure 91: Necessity to smooth the flow stress data to determine the strain rate sensitivity.
For such smoothing requirement with relatively little experimental points, analytical polynomials
are better adapted. This smoothing technique has already been used for quantitative differential
strain rate sensitivity investigations ([23], [98]).
Usually the flow stress smoothing is performed with the decimal (base 10) logarithmic strain rate,
as this corresponds to the experimental way to proceed. The flow stress is then fitted with 1st to 3rd
degree polynomials. One advantage of analytical smoothing is the possibility to interpolate the flow
stress, and differential strain rate sensitivity values, at any strain rate wished. This is useful when
comparing different data sets. The smoothing can be adapted when varying the polynomial degree.
The higher the polynomial degree, the smoother the results. Accordingly the semi-logarithmic strain
rate sensitivity and strain rate sensitivity values are determined based on equations (81) to (83) as
follows:
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The polynomial smoothing can be performed on an Excel® basis in an analytical way. The
smoothing is performed by considering the flow stress )10(fit as a linear combination of independent
variables xn defined as follows:
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The Excel® analytical matrix function “RGP” gives the results of this linear trend. The Excel®
function “INDEX” delivers then the different linear fitting factors of the smoothed flow stress.
Figure 92 shows the different smoothing results with 1st to  3rd degree analytical polynomials.
Depending on the polynomial degree chosen, different results can be obtained. This shows the
subjectivity linked with any smoothing process.
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Figure 92:  Smoothing results with 1st to 3rd degree polynomials.
The average strain rate sensitivity, as defined before, is usually determined with 1st degree
polynomials in a limited strain rate range, which is equivalent to a linear regression of the flow
stress over the strain rate in a semi-log or log-log scale.
The  2nd or  3rd degree polynomials rather deliver the “instantaneous” value of the strain rate
sensitivity over the strain rate. In comparison with 1st degree polynomials, the strain rate sensitivity
is described in a continuous way between the athermal (low strain rate) and thermally activated
(high strain rate) regions. It is therefore an useful tool in order to describe continuously the non
linear strain rate dependency of the strain rate sensitivity in the intermediate strain rate range up to
103s-1.
3.4.4. Strain dependency of strain rate sensitivity
The strain rate sensitivity is not only dependent on the strain rate, but also on the true plastic strain
level considered for the flow stress, Figure 93. The adiabatic heating increases with increasing
strain level, up to uniform elongation. Adiabatic heating only begins having some significant effect
over 0,10 true plastic strain, as seen with a 0,12 true plastic strain in Figure 94. It is therefore
recommended to determine the strain rate sensitivity in the strain range between yield strength and
0,10 true plastic strain. A true plastic strain of 0,05 [4] or 0,10 [21] is a good compromise to
determine the strain rate sensitivity, since most oscillations effects are already damped, and the
adiabatic heating effects are not yet predominant.
Although not affected by adiabatic heating effects, the flow stress Rp0,01, and the yield strength
Rp0,2, are not quite reliable for strain rate sensitivity investigations, because of the inertia effects in
the elastic-plastic region. The higher the strain rate, the stiffer the spline to be applied, Figure 95.
On the one hand this approach may overestimate the strain rate sensitivity, especially for 0,0001
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and 0,002 true plastic strain as seen in Figure 94. On the other hand, it is still useful to consider the
strain rate sensitivity of the yield strength, even if the strain is determined from the relatively
inaccurate global piston displacement.
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Figure 93: Influence of strain and strain rate on the flow stress increase (HCT600XD, 296K).
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Figure 94: Influence of true plastic strain and strain rate on the strain rate sensitivity (HCT600XD, 296K).
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Figure 95: Strain rate sensitivity in the yield strength region overestimated through spline smoothing.
3.4.5. Conclusions
The strain rate sensitivity is strain dependent. It can only be determined for a specific true (plastic)
strain, which should be specified to allow for comparison with other literature data. Usually 0,002
(yield strength), 0,05 and 0,10 true plastic strains are chosen for strain rate sensitivity determination.
Strain rate sensitivity measurement based on the yield strength are affected by oscillations and the
smoothing algorithm. At 0,05 and 0,10 true strain, the oscillations are already damped significantly
with still negligible adiabatic effects. However some accurate local strain measurement technique
on the sample should be used at such higher strain levels in order to deliver accurate results.
The strain rate sensitivity is also strain rate dependent. It can be defined in an average way over a
specific strain rate range. It can also be defined in an instantaneous way as “differential m-value”,
based on the differential first derivative of (log.) flow stress versus logarithmic strain rate. In this
case a polynomial smoothing technique should be applied to allow for an acceptable compensation
of experimental scatter, and deliver some useful data for a given strain rate. A 2nd or  3rd degree
polynomial fitting is proposed in order to quantify the strain rate dependency of the instantaneous
differential m-value. The average strain rate sensitivity can also be obtained with the same analysis
method from 1st degree polynomials within the desired strain rate range.
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4. Objectives
4.1. Work tasks
In this work it is intended to give a general overview of the strain rate sensitivity of automotive
sheet steel grades. Three projects, called in the frame of this work VDEh1 ([190]-[193]), VDEh2
([194]) and ECSC ([23]), have been included in this investigation, in which all servohydraulic
dynamic tensile tests have been performed at IEHK institute with the same machines between 1998
and 2006.
It is therefore an unique opportunity to compare reliably a wide range of automotive sheet steel
grades, based on the same dynamic testing machines and software analysis tool. This work is
therefore focused on the processing and interpretation of this large amount of experimental data
from the specific point of view of strain rate sensitivity.
The investigation focuses on sheet steel grades for autobody application in the crash relevant
temperature range [233-373K] and strain rate range [10-3-200s-1] (at 296K up to 103s-1). The semi-
logarithmic and logarithmic strain rate sensitivities have been then determined and compared. Three
strain rate ranges [10-3-20s-1], [1-200s-1] and [102-103s-1] have been chosen to allow for the
comparison of the average strain rate sensitivity values.
The low and intermediate strain rate sensitivity values have been determined based on IEHK
servohydraulic data [190]-[194]. The high strain rate sensitivity values have been determined based
on the Split-Hopkinson bar technology at Ghent University and ArcelorMittal in the frame of an
European project [23] and are considered additionally to complete the comparison. The largest
amount of experimental data lies however in the strain rate range up to 200s-1 based on IEHK
servohydraulic testing machines.
It is the aim of this investigation:
+ To determine the influence of strain rate, temperature and plastic strain on the strain rate
sensitivity.
+ To assess the influence of steel microstructure on the strain rate sensitivity. The
characteristic differences between single phase ferritic and multiphase steels will be
investigated. The particular case of a metastable microstructure in low and high alloy
austenitic TRIP steels will be investigated in combination with adiabatic heating.
+ To clarify in which extent automotive sheet steel grades follow a thermal activated
deformation behaviour in the given crash relevant temperature and strain rate range. A
critical strain rate (for a given temperature) or a critical temperature (for a given strain rate)
will be described in order to predict the transition from athermal to thermally activated flow
behaviour.
+ To identify the influence of bake hardening on the strain rate sensitivity
+ To investigate the influence of uniaxial pre-straining with subsequent bake hardening heat
treatment (170°C, 20mn) on the strain rate sensitivity.
+ To give an overview about the influence of uniaxial, plane strain and biaxial pre-straining
without subsequent bake hardening heat treatment on the strain rate sensitivity.
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4.2. Materials
In the frame of two German research programs (VDEh1 [190]-[193] and VDEh2 [194]) as well as
an European research program (ECSC [23]), a multitude of cold rolled and hot rolled steel grades
have been investigated at different temperatures (233K, 296K and 373K) in the strain rate range
[4.10-3-200s-1] (up to 103s-1 at 296K). For each set of parameters two to three replicates have been
performed. The materials investigated are given in Table 13. The chemical composition, the
microstructure and the quasistatic mechanical properties of the investigated steels are given in
Table 14, Table 15 and Table 16. Some general background information is given hereafter for each
steel grade category investigated.
Deep drawing, structural steels and IF steels as well as conventional high strength HSS steels
(isotropic, P-alloyed, high strength IF, bake hardening, microalloyed HSLA steels), advanced high
strength AHSS steels (dualphase, low alloy TRIP, multiphase) as well as high alloy  austenitic
stainless TRIP steels have been investigated. The steels are produced based on the ULC or LC blast
furnace processing route. The most actual European designation norms have been used for the steel
grades denomination. However the steel grades do not necessary fulfill the mechanical properties
required in such standards, especially if produced before such standards have been established as it
is often the case for AHSS steel grades.
Deep drawing steels:
Low carbon aluminium killed cold rolled DC04 deep drawing steel and hot rolled DD13 cold
forming steel grades have been investigated in the frame of the VDEh1 project. Both steels, also
called mild steels, show a ferritic microstructure with a low yield strength level. They are
characterised by high fracture elongation, high n- and r-values for deep drawing applications. Hot
rolled deep drawing steels find some application in body and structural parts, chassis components
and wheel rims. Cold rolled deep drawing steels are suitable for outer and inner panels, fenders,
side panels door.
Non alloy structural steels:
S235 low carbon ferritic structural steel has been investigated in the frame of the ECSC project. It
belongs to the structural non-alloy steel category for construction application with higher
guaranteed yield strength level in comparison to classical deep drawing unalloyed steels.
IF and HSIF steels:
Deep drawing IF steels are issued from interstitial free metallurgy with very tight requirements on
alloying contents. Such vacuum degased ULC steels are used in complex automotive parts requiring
high forming capability with a low yield strength level.
High strength IF steels are also based on the specific IF-metallurgy with additional Mn, Si and P-
alloying in substitutional solid solution to the ferrite. HSIF steels provide a very good combination
of ductility and strength properties. Those steels are well suited for complex parts requiring high
mechanical strength.
IF and HSIF steels are stabilised with micro alloying elements, either Ti or Nb, in order to tie up
residual interstitial C or N to TiN, NbC or (Nb, Ti)(C,N) precipitates. Mn and P elements are used
for additional solid solution strengthening by HSIF steels together with some minor boron additions
to prevent phosphorous grain segregation effects.
IF steel DC06 (VDEh1) and HSIF steels HX180YD (VDEh2), HX220YD (VDEh2), HY260YD
(VDEh2) have been investigated.
All steels show a pure ferritic microstructure with a ferrite grain size from 20m (DC06) up to
7-10m for the HSIF steels. Increasing strength is reached with increasing Mn and P content for the
investigated steels.
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Bake hardening steels:
Bake hardening steels are ULC or LC (depending on the processing route) ferritic steels designed to
achieve a significant yield strength increase after low temperature heat treatment (for example
170°C for 20mn), in particular paint baking as performed in the automobile industry. The strength is
adjusted with substitutional solid solution elements Mn, Si and P. Interstitial carbon brings a
definite and reproducible yield strength increase, typically around 40MPa, through some diffusion
controlled aging mechanism. The resistance against subsequent room temperature aging is achieved
by keeping the maximal C content below 15ppm.
Bake hardening steels are used for lightly stretched flat components such as flat roofs, hoods and
outer door panels. In this case the additional paint baking effect is suitable to compensate for some
weak strain hardening level. Conflicting requirements, such as a combination of high strength and
denting properties in the finished part and good formability before heat treatment in the as-delivered
condition, can be achieved with bake hardening steels.
The microstructure of investigated batch annealed HC180B (VDEh1), HC260B (VDEh1) and hot
dip galvanised HX220BD (VDEh2/ECSC), HX300BD (VDEh2) is ferritic. Some residual second
phase perlite is found for HX220BD (VDEh2) and HX300BD (VDEh2). The ferrite grain size is
decreased from 16m to  11m with increasing yield strength. Additional solid solution with P is
used for all investigated bake hardening steel grades, especially for HC620B. Some Nb or Ti
microalloying elements are used respectively for HX220BD and HX300B. Mn and Si are also used
as solid solution strengthening elements.
Rephosphorised steels:
Rephosphorised steels, also called solid solution steels, P-alloyed steels or Rephos steels, are
hardened by substitutional phosphorous in solid solution in the ferrite matrix. Those steels are
called rephosphorised steels, since the high P-level of the blast furnace iron is first removed along
with other impurities during the basic oxygen steel making process and then added in a definite
amount during the secondary metallurgy process. Those Al-killed LC grades show some higher
guaranteed yield strength up to 300MPa, while keeping still satisfying forming properties. P-alloyed
steels are used mostly for structural and reinforcement parts, which require good fatigue and impact
strength. Hot dip galvanized HX220PD (ECSC) and batch annealed HC260P (VDEh1) steels have
been investigated. Both steels are Si, Mn and P alloyed with a ferritic microstructure and a ferrite
grain size around 8-10 m.
Isotropic steels:
Isotropic steels are Al-killed LC ferritic steel grades with a good formability and strong isotropy
with equiaxed grain structure as well as improved dent resistance. Those steels have been designed
for the drawing of skin parts requiring particular isotropic properties. Together with Mn solid
solution addition, the quasi isotropic properties with almost no planar isotropy  (r=0) are achieved
with a controlled Ti/N proportion with (Ti)(C,N) precipitates and subsequent grain refinement.
Isotropic electrogalvanised HC220i (ECSC) as well as batch annealed HC260i (VDEh1) steel
grades with a ferritic microstructure have been investigated. Both steels are Mn- and Ti-alloyed
with a 8m ferrite grain size.
HSLA steels:
Microalloyed steels are Al-killed low carbon-low alloyed high strength steels, which are suitable for
structural and crash relevant stamped body in white parts such as longitudinal beams, cross
members or reinforcements. Grain refinement is reached with Ti and Nb precipitation hardening,
creating a finely dispersed carbonitride (Ti,Nb)(C,N) and fine-grained microstructure, with a
significant yield and tensile strength increase. Additional solid solution hardening is brought with
substitutional Si, Mn and P alloying elements. For those high strength steels, the yield strength can
be varied over a wide range from 260MPa up to 420MPa. Nowadays HSLA steels are however
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increasingly substituted by AHSS steel grades with higher n- and yield strength values and therefore
higher energy absorption capability.
Microalloyed batch annealed HC320LA (VDEh1) and hot dip galvanised HX260LAD (VDEh2),
HX340LAD (VDEh1/ECSC), HX420LAD (VDEh2) steels have been investigated. All steels are
ferritic with a ferrite grain size from 20m down to 4m with increasing yield strength.
Thermomechanically hot rolled microalloyed steel S380MC with a very fine ferrite-perlite
microstructure structure is also included in the testing program.
Dualphase steels:
Dualphase steels belong to the advanced high strength steels (AHSS) category and are characterised
by a dispersion of 5 to 30% hard martensite islands in a surrounding soft ferrite matrix. Dualphase
steels are Al-killed LC steels with alloying elements (Mn, Si, Cr, Mo) postponing the perlite and
bainite formation. The dualphase microstructure is then reached with a controlled cooling
(temperature, cooling speed) after intercritical annealing in the ferrite-austenite region in the
continuous annealing or hot dip galvanizing line for cold rolled steels. Dualphase steels can also be
directly manufactured thermomechanically in the hot rolled condition.
The tensile strength level can be adjusted over a wide range by varying the amount and hardness of
martensite as well as the ferrite grain size. The martensite content is adjusted with variations of
alloying elements and manufacturing parameters. Dualphase steels are available in the tensile
strength range between 450MPa and 1000MPa.
The second phase hardening with hard martensite in a soft ferrite matrix brings an excellent
combination of strength and drawability with good ductility values as required for lightweight crash
relevant reinforcements components. The high initial strain hardening with a low yield ratio in
comparison to high strength HSLA steels enables a good strain redistribution during forming
operation, reducing local thinning. High strength level and high strain hardening strengthening
capability give dualphase steels some excellent fatigue strength, light weight potential and energy
absorption capability. The strong bake hardening response of dualphase steels provide some
additional light weight potential for skin parts in comparison to conventional HSS bake hardening
steels.
Several cold rolled dualphase steels have been investigated in the cold rolled continuous annealed
condition HCT500X (VDEh1) and hot dip galvanized condition HCT500XD (ECSC), HCT600XD
(VDEh2/ECSC), HC780XD (VDEh2). Dualphase DD33X (VDEh1), also called HDT580X, has
also been investigated in the hot rolled condition. All steel grades show a fine ferrite grain size
below 10m. The measured proportion of hard martensite phase is not always identical, even at
comparable strength level. It increases nevertheless with increasing strength level. The C, Si, Mn
content increase with increasing strength. Depending on the steel producer considered, some
significant differences as well in the microstructure as in the chemical composition are observed
even for the same steel grade category.
Low alloy TRIP steels:
Low alloy TRIP steels are also called retained austenite steels, residual austenite steels or
TRIP-aided steels. TRIP steels are based on the stabilisation of austenite phase until room
temperature. Low alloy TRIP steels are triplephase steels which show, like dualphase steels, a soft
ferritic matrix (50-60%), in which however not martensite but bainite (25-40%) and metastable
retained austenite (5%-15%) islands are included. A carbon content around 0,20% is necessary to
ensure retained austenite stabilisation without deteriorating too much the weld properties. Mainly
three alloying concept are found in industrial applications, namely the CMnSi, CMnAl or CMnAlSi
concepts; Al, Si and Mn being the three main alloying elements. Since a high content of Si may
reduce the coatability of cold rolled steels, it can be partly (CMnSiAl) or fully substituted (CMnAl)
with aluminium in combination with higher C content and additional P-alloying (<0,1%).
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The cooling strategy starts for cold rolled products from the intercritical annealing region, with a
moderate cooling rate and an isothermal annealing in the bainitic region (“overaging”), in which the
carbon content of retained austenite is enriched, shifting its martensite start temperature well below
room temperature. Low alloy TRIP steels can be also manufactured in the hot rolled condition
thermomechanically.
The strain induced transformation of retained austenite into martensite by subsequent deformation
postpones local necking and brings an additional ductility and drawability at an exceptional level
for AHSS steel grades. Those steels are suitable for stretch forming and critical deep drawing
applications, requiring high strength together with high forming and thinning levels, which cannot
be achieved with dualphase or multiphase steels (CP). Due to the high energy absorption capability,
Low alloy TRIP steels are also considered for potential crash applications.
Similar to dualphase steels, Low alloy TRIP steels are characterised by low yield strength, high
yield ratio and high strain hardening, even at high strain due to the additional TRIP induced
plasticity. Low alloy TRIP steels have like dualphase steels quite isotropic mechanical properties
and a good bake hardening response after pre-straining. TRIP steels are available in the tensile
strength range between 600MPa and 800MPa, the 1000MPa tensile strength level being currently in
development.
Several cold rolled low alloy TRIP steel grades have been investigated in the hot dip galvanised
condition HCT600TD(VDEh2), HCT690TD (VDEh1/ECSC) and in the electrogalvanised condition
HCT780T (VDEh2). All three alloying concepts are represented: CMnAl for HCT600TD (VDEh2)
and HCT690TD (VDEh1), CMnSiAl for HCT690TD (ECSC) and CMnSi for HCT780T (VDEh2).
The microstructure differs depending on the steel grade considered, even for the same tensile
strength level as for HCT690TD(VDEh1/ECSC). The retained austenite as well as bainite content
increases slightly with increasing strength. The ferrite grain size is fine below 8m.
Multiphase steels:
For forming operations and component design, the yield strength and not so much the tensile
strength level plays a key role. Dualphase steels show some relatively low yield strength levels. For
components with a simple geometry and low deformation levels, like door reinforcements, the
beneficial strain hardening potential of the dualphase steels grades cannot be fully exhausted
however. There is therefore a need for high yield strength steels already in the as-delivered
condition. High yield strength requirement together with high bendability, rollformability and
stretch flangeability with high hole expansion values are better fulfilled with multiphase steel
grades, also called complex phase steels (CP). The denomination “multiphase steel” refers in the
following work explicitly to so called complex phase steels.
Multiphase steels show a high yield ratio and yield strength, low n-values and low ductility.
Multiphase steels are designed to reach a high strength at low deformation levels in contrast to
dualphase steels, which reach a high strength only after significant strain hardening. Multiphase
steels are considered for low weight cold formed components like door side impact beams,
bumpers, chassis parts, body reinforcements and roll formed profiles.
Multiphase steels are composite materials composed of ferrite, bainite as well as tempered and hard
martensite. The strength level is adjusted with the proportion of hard phases in relation to ferrite, the
proportion of hard phases dominating the soft ferrite proportion. The alloying concept is similar as
for dualphase steels. Multiphase steel show an extremely fine microstructure. Together with
precipitation hardening, grain refinement and second phase hardening, a high strength level can be
achieved with enough cold formability.
Multiphase steels can be thermomechanically hot rolled. They can also be produced in the cold
rolled condition by continuous annealing or hot dip galvanizing processing.
The investigated hot rolled multiphase steels HDT780C (VDEh2) and HDT900C (VDEh1) show a
extremely fine microstructure, the ferrite grain size lying below 4m. The proportion of hard phase
reaches at least 65%. This is significantly higher than for the other investigated dualphase steels
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High alloy TRIP steels:
The investigated austenitic stainless steels 1.4301 (VDEh1), 1.4318 (ECSC) and 1.4376 (VDEh1)
are characterised by the partial transformation of the austenite matrix into martensite during
forming. Those metastable austenitic stainless steels will be referred in the following work as high
alloy TRIP steels (in opposition to ferritic low alloy TRIP steels as described before). They combine
some very good ductility in comparison to ferritic steels, due to the cubic face centred lattice
structure and TRIP-induced high strength level. One of the main characteristic of such steels is the
strong temperature sensitivity of the TRIP-effect.
Differences in the chemical composition of 1.4318 (X2CrNiN18-7) in comparison to 1.4301
(X5CrNi18-10), in particular a lower Ni content for 1.4318, result in a lower stability of austenite
against martensite transformation and higher tensile strength levels of 1.4318 in comparison to
standard 1.4301.
1.4376 (X8CrMnNi19-6-3) shows some lower amount of Ni and higher amount of Mn and N in
comparison to standard 1.4301 (X5CrNi18-10) steel grade. The austenitic stainless steel 1.4376
reaches a higher strength level in comparison to the standard grade 1.4301 and even 1.4318, which
is due to the large additional solution hardening effect with significant higher Mn and N amounts
alloyed.
In the widely used AISI designation system, steel grades 1.4301, 1.4318 and 1.4376 correspond
respectively to AISI 304, AISI 301 and AISI 201 denominations.
All steels have been investigated in the cold rolled, pickled, continuously annealed and skin passed
condition (2B). 1.4301 has also been investigated in the hot rolled and pickled condition.
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Table 13: Materials investigated (VDEh1, VDEh2 and ECSC projects).
Project Steel grade NormNbr. Norm coating Thickness,mm
DD13 1.0335 EN 10111 Mild - 2,00
DD33X (HDT580X) 1.0936 SEW097 (prEN 10338) DP - 1,75
S380MC 1.0978 EN 10149-2 HSLA - 2,50
HDT900C 1.8949 CP-W900 (TKS) Multiphase - 1,60
X5CrNi18-10 1.4301 EN 10088 (AISI 304) High alloy TRIP - 3,00
DC04 1.0338 EN 10130 Mild batch annealed 1,00
DC06 1.0873 EN 10130 IF batch annealed 1,00
HC180B 1.0395 EN 10268 BH batch annealed 1,00
HX260YD 1.0926 EN 10292 HSIF hot dip galvanised 1,00
HC260B 1.0400 EN 10268 BH batch annealed 1,00
HC260i 1.0349 EN 10268 (H250G1) IS batch annealed 1,00
HC260P 1.0417 EN 10268 Rephos batch annealed 1,00
HC320LA 1.0548 EN 10268 HSLA batch annealed 1,00
HX340LAD 1.0933 EN 10292 HSLA hot dip galvanised 1,00
HCT500X 1.0939 prEN 10338 DP continuous annealing 1,00
HCT690TD 1.0947 EN 10336 Low alloy TRIP hot dip galvanised 1,00
X5CrNi18-10 1.4301 EN 10088  (AISI 304) High alloy TRIP continuous annealing 1,00
X8CrMnNi19-6-3 1.4376 AISI 201 / Nirosta H400 High alloy TRIP continuous annealing 1,00
HDT780C 1.0957 prEN 10338 Multiphase hr - 2,00
HX260LAD 1.0929 EN 10292 HSLA hot dip galvanised 0,80
HX420LAD 1.0935 EN 10292 HSLA hot dip galvanised 1,00
HX220BD 1.0353 EN 10292 BH hot dip galvanised 1,20
HX300BD 1.0445 EN 10292 BH hot dip galvanised 1,15
HX180YD 1.0921 EN 10292 HSIF hot dip galvanised 1,00
HX220YD 1.0923 EN 10292 HSIF hot dip galvanised 1,00
HCT600XD 1.0941 EN 10336 DP hot dip galvanised 1,00
HCT780XD 1.0943 EN 10336 DP hot dip galvanised 1,00
HCT600TD - - Low alloy TRIP hot dip galvanised 1,00
HCT780T 1.0948 prEN 10338 Low alloy TRIP continuous annealed+ ELO galvanised 1,00
S235JR 1.0038 EN 10025-2 structural hr - 1,50
HX340LAD 1.0933 EN 10292 HSLA hot dip galvanised 1,48
HCT600XD 1.0941 EN 10336 DP hot dip galvanised 1,67
HCT690TD 1.0947 EN 10336 Low alloy TRIP hot dip galvanised 1,65
 X2 CrNiN18-7 1.4318 EN 10088 (AISI 301LN2B) High alloy TRIP - 1,52
HX220BD 1.0353 EN 10292 BH hot dip galvanised 0,67
HX220PD 1.0358 EN 10292 Rephos hot dip galvanised 0,67
HC220i 1.0346 EN 10268 IS continuous annealed + ELO galvanised 0,76
HCT500XD 1.0939 EN 10336 DP hot dip galvanised 0,67
Product type
VDEh1
hr
cr
ECSC cr
VDEh2 cr
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Table 14: Chemical composition (VDEh1, VDEh2 and ECSC projects).
Project Material C Si Mn P S Cr Mo Ni Al Cu N Nb Ti V
DD13 0,028 0,02 0,17 0,010 n.d. 0,02 n.d. n.d. 0,04 0,021 0,003 0,001 0,002 0,004
DD33X 0,067 0,04 0,93 0,042 n.d. 0,53 n.d. n.d. 0,04 0,068 0,005 n.d. n.d. n.d.
S380MC 0,069 0,01 0,51 0,004 n.d. 0,01 n.d. n.d. 0,04 0,019 0,004 0,029 0,011 0,002
HDT900C 0,121 0,46 1,93 0,013 n.d. 0,31 n.d. n.d. 0,04 0,026 0,004 n.d. 0,160 n.d.
1.4301(HR) 0,045 0,44 1,26 0,024 n.d. 18,12 n.d. 8,52 n.d. n.d. 0,063 n.d. n.d. n.d.
DC04 0,025 0,01 0,19 0,008 n.d. 0,02 n.d. n.d. 0,05 0,013 0,005 0,001 0,002 0,003
DC06 0,002 0,01 0,10 0,009 n.d. 0,02 n.d. n.d. 0,04 0,009 0,003 0,003 0,056 0,005
HC180B 0,006 0,01 0,19 0,018 n.d. 0,01 n.d. 0,01 0,05 0,013 0,005 0,003 0,001 0,001
HX260YD 0,004 0,02 0,73 0,082 n.d. 0,03 n.d. n.d. 0,03 0,021 0,003 0,023 0,025 0,003
HC260B 0,076 0,02 0,44 0,086 n.d. 0,02 n.d. n.d. 0,04 0,019 0,004 0,004 0,002 0,002
HC260i 0,035 0,01 0,18 0,008 n.d. 0,02 n.d. n.d. 0,04 0,026 0,004 n.d. 0,027 0,001
HC260P 0,080 0,14 0,65 0,074 n.d. 0,04 n.d. n.d. 0,04 n.d. 0,005 n.d. n.d. n.d.
HC320LA 0,066 0,01 0,35 0,007 n.d. 0,02 n.d. n.d. 0,04 0,072 0,004 0,043 0,001 0,002
HX340LAD 0,053 0,01 0,75 0,008 n.d. 0,02 n.d. n.d. 0,05 0,012 0,005 0,049 n.d. n.d.
HCT500X 0,078 0,08 1,50 0,015 n.d. 0,45 n.d. n.d. 0,06 0,040 0,004 n.d. 0,024 n.d.
HCT690TD 0,202 0,05 1,53 0,010 n.d. 0,02 n.d. n.d. 1,97 0,026 0,003 n.d. 0,003 n.d.
1.4301 0,034 0,55 1,22 0,029 n.d. 18,23 n.d. 8,11 n.d. n.d. 0,050 n.d. n.d. n.d.
1.4376 0,050 0,40 6,54 0,021 n.d. 18,15 n.d. 3,99 n.d. n.d. 0,151 n.d. n.d. n.d.
HX260LAD 0,038 0,01 0,22 0,010 0,008 0,03 0,004 0,03 0,04 0,014 0,004 n.d. 0,018 0,001
HX420LAD 0,066 0,22 1,09 0,015 0,008 0,03 0,005 0,03 0,04 0,039 0,003 0,048 0,065 0,006
HX220BD 0,065 0,01 0,29 0,013 0,006 0,03 0,004 0,02 0,03 0,013 0,002 <0,001 <0,001 <0,001
HX300BD 0,064 0,12 0,25 0,021 0,001 0,04 0,002 0,02 0,04 0,009 0,004 <0,001 0,012 0,001
HX180YD 0,004 0,01 0,57 0,031 0,005 0,03 0,005 0,02 0,04 0,015 0,002 0,004 0,083 0,007
HX220YD 0,003 0,01 0,35 0,042 0,008 0,02 0,004 0,01 0,04 0,028 0,003 0,024 0,023 0,002
HCT600XD 0,094 0,11 1,52 0,008 0,005 0,75 0,015 0,06 0,06 0,058 0,007 0,007 0,002 0,002
HCT780XD 0,155 0,22 2,01 0,011 0,001 0,20 0,002 0,02 0,03 0,019 0,006 0,005 0,024 0,006
HCT600TD 0,217 0,04 1,20 0,012 0,001 0,02 0,001 0,02 1,44 0,018 0,002 <0,001 0,003 0,001
HCT780T 0,198 1,68 1,67 0,011 0,001 0,02 0,002 0,02 0,04 0,022 0,004 0,004 0,004 0,004
HDT780C 0,082 0,38 1,97 0,013 0,001 0,05 0,234 0,05 0,04 0,054 0,004 0,044 0,117 0,006
S235 0,067 0,01 0,43 0,009 0,006 0,04 0,006 0,05 0,05 0,071 0,004 0,001 0,001 0,001
HX340LAD 0,053 0,01 0,63 0,010 0,004 0,02 0,003 0,03 0,04 0,012 0,004 0,040 0,011 0,002
HCT600XD 0,136 0,13 1,45 0,012 0,005 0,25 0,205 0,02 0,03 0,010 0,005 0,001 0,001 0,005
HCT690TD 0,185 0,35 1,66 0,076 0,007 0,02 0,028 0,02 1,20 0,020 0,004 0,003 0,008 0,005
1.4318 0,024 0,54 1,67 0,026 0,005 17,41 0,220 6,57 <0,01 0,150 0,102 n.d. 0,006 n.d
HX220BD 0,003 0,12 0,21 0,047 0,001 0,01 0,003 0,02 0,06 0,009 0,005 0,011 0,007 0,002
HX220PD 0,008 0,11 0,57 0,026 0,006 0,03 0,006 0,02 0,06 0,030 0,003 0,005 0,075 0,008
HC220i 0,039 0,02 0,20 0,009 0,007 0,03 0,004 0,03 0,06 0,015 0,004 0,002 0,023 0,003
HCT500XD 0,141 0,13 1,42 0,014 0,002 0,35 0,195 0,02 0,04 0,012 0,007 0,003 0,001 0,005
*n.d.: not determined
VDEh1
VDEh2
ECSC
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Table 15: Microstructure of investigated steels (VDEh1, VDEh2 and ECSC projects).
ASTM
DD13 9 16 100% - - - -
DD33X n.d. n.d. 80% - - 20% -
S380MC 13,5 <4 95% 5% - - -
HDT900C 13,5 <4 35% - -
1.4301(HR) 8 22 - - - - 100%
DC04 9 16 100% - - - -
DC06 8,5 19 100% - - - -
HC180B 9 16 100% - - - -
HX260YD 10 11 100% - - - -
HC260B 10 11 100% - - - -
HC260i 11 8 100% - - - -
HC260P 10,5 10 100% - - - -
HC320LA 11 8 100% - - - -
HX340LAD 11 8 100% - - - -
HCT500X 12 6 88% - - 12% -
HCT690TD 11,5 7 55% - 5%
1.4301 8,5 19 - - - - 100%
1.4376 9,5 13 5% (  ferrite) - - - 95%
HDT780C n.d. n.d.
HX260LAD 8 22 100% - - - -
HX420LAD n.d. n.d. 100% - - - -
HX220BD n.d. n.d. 96% 4% - - -
HX300BD n.d. n.d. 99% 1% - - -
HX180YD n.d. n.d. 100% - - - -
HX220YD 11,5 7 100% - - - -
HCT600XD 12 6 92% - - 8% -
HCT780XD n.d. n.d.
HCT600TD n.d. n.d. 93% - -
HCT780T n.d. n.d. 80% -
S235 10 11 97,5% 2,5% - - -
HX340LAD 13 4 97% 3% - - -
HCT600XD 10,5 10 76% - 5% 19% <1%
HCT690TD 11 8 82% - 7% - 11%
1.4318 10,5 10 - - - - 100%
HX220BD 10 11 100% - - - -
HX220PD 11 8 100% - - - -
HC220i 11 8 99% 1% - - -
HCT500XD 11 8 96,5% - - 3,5% -
*: Ferrite grain size (austenite grain size for high alloy TRIP steels)
65%
VDEh1
ECSC
VDEh2
40%
(ferrite+bainite) + 7% Martensite
7%
20%
ferrite + bainite+ martensite
Project Material Grain size* Ferrite Perlite Bainite Martensite Austenitem

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Table 16: Mechanical properties (VDEh1, VDEh2 and ECSC projects).
(90° to rolling direction, average values, 296K, EN10002 [188] / SEP1240 [37]).
Thickness Rp0.2 Rm Ag AL80
n
(10-20/Ag)
n
(2/ALüders-Ag)
mm MPa MPa % % - -
DC06 1,00 140 284 25,0 43,7 0,237 0,265
DC04 1,00 185 299 23,3 40,4 0,216 0,224
HC180B 1,00 200 310 20,9 37,1 0,192 0,198
HC260B 1,00 274 382 20,3 33,2 0,189 0,189
HC260i 1,00 275 363 20,3 33,1 0,189 0,165
DD13 2,00 293 352 16,4 31,8 0,145 0,145
HX260YD 1,00 299 404 19,8 33,3 0,191 0,187
HC260P 1,00 315 439 18,4 30,1 0,179 0,187
1.4301 1,00 326 693 50,9 55,0 0,368 0,376
1.4301 (HR) 3,00 352 645 42,3 49,8 0,328 0,300
HX340LAD 1,00 355 432 14,4 26,9 0,133 0,126
HCT500X 1,00 363 541 15,3 25,0 0,148 0,163
HC320LA 1,00 386 463 14,9 23,6 0,146 0,145
DD33X 1,75 397 576 16,8 24,9 0,165 0,177
HCT690TD 1,00 420 706 20,1 25,1 0,216 0,243
1.4376 1,00 449 776 45,4 50,5 0,299 0,291
S380MC 2,50 462 497 10,9 20,8 0,103 0,078
HDT900C 1,60 914 963 8,0 12,1 0,080
HX180YD 1,00 207 356 22,2 38,3 0,220 0,236
HX220YD 1,00 228 366 22,4 37,6 0,213 0,218
HX220BD 1,20 244 376 17,3 32,8 0,160 0,177
HX260LAD 0,80 273 380 16,8 30,4 0,153 0,166
HX300BD 1,15 310 419 16,0 31,1 0,151 0,165
HCT600XD 1,00 375 676 14,8 20,8 0,145 0,169
HCT600TD 1,00 432 649 23,8 30,5 0,210 0,189
HX420LAD 1,00 501 574 12,7 19,8 0,122 0,120
HCT780T 1,00 565 824 19,9 25,5 0,191 0,180
HCT780XD 1,00 546 830 13,9 17,8 0,138 0,151
HDT780C 2,00 811 861 5,7 8,0 0,072
HX220BD 0,70 235 365 19,1 37,8 0,179 0,180
HX220PD 0,70 237 377 19,8 36,5 0,190 0,193
HC220I 0,80 243 356 21,3 40,1 0,193 0,184
1.4318 1,50 326 963 34,9 44,1 0,870 0,551
S235 1,50 331 407 17,0 34,7 0,148 0,148
HCT500XD 0,70 343 578 18,4 30,9 0,176 0,194
HCT600XD 1,65 358 671 16,2 26,4 0,162 0,190
HX340LAD 1,50 371 425 18,0 33,1 0,169 0,169
HCT690TD 1,65 471 770 24,0 32,6 0,251 0,230
ECSC
Project Material
VDEh1
VDEh2
4.3. Testing parameters
4.3.1. Samples and testing methods
The intermediate strain rate range is covered up to 200-300s-1 with servohydraulic tensile testing
machines at IEHK (Roell-Amsler and Schenck machines), as already described in the previous
chapter 3.1.1. The different sample geometries for each project for servohydraulic dynamic tensile
tests are shown in Figure 96. The strain rate range between 300 and 1000s-1 has been tested within
the “ECSC” project [23] with the Split-Hopkinson bar devices of the Ghent University and
ArcelorMittal facilities as described in Figure 97. The sample geometry differs according to the
testing machine and material investigated as shown in Figure 98. The Split-Hopkinson bar
technique is described more in detail elsewhere [180], [195], [196].
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Different testing methods have been implemented in the different projects as described in Table 17.
With dynamic servohydraulic testing, the strain is measured from LVDT piston displacement for all
three projects. The force is measured with piezoquarz load cell, strain gage load cells on the grips or
on the sample depending on the machine and strain rate range considered. Damping has been used
for strain rate range over 100s-1 especially for testing at non ambient temperature. With the Split-
Hopkinson bar technique, much smoother load signals can be obtained even at high strain rate. This
technique however cannot be used for the low strain rate range. The gauge length is shorter as for
servohydraulic tensile tests and the sample radius much sharper. All dynamic samples have been
tested dynamically perpendicular to the rolling direction in all three projects for any condition and
strain rate.
“80x20x10“
IEHK (VDEh1)
“110x20x10”
 IEHK (VDEh2)
“102x12x6”
 IEHK (VDEh2)
“100x20x6“
IEHK (ECSC)
Figure 96: Servohydraulic dynamic tensile samples [190]-[194].
Ghent University test set-up ArcelorMittal test set-up
Figure 97: Split-Hopkinson bar set-up [23].
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62x10x4 ArcelorMittal (ECSC). 56x5x5 Ghent-University (ECSC).
Figure 98: Split-Hopkinson samples [23].
Table 17: Testing parameters for the strain rate sensitivity investigation [23],[190]-[194].
Project
Strain
rate, s-1
T(K) Strain
measurement
Load measurement Machine Rubber damping sample length * gauge
length * gauge width, mm
0,004 Video
extensometer
Calibrated strain gage Quasistatic tensile
machine EN10002
No EN10002
1 LVDT Piston Piezoquarz No
20 LVDT Piston Piezoquarz No
200 LVDT Piston Yes (moderate)
500 296 LVDT Piston Yes (High)
0,004 Videoextensometer Calibrated strain gage
Quasistatic tensile
machine EN10002 No EN10002
1 LVDT Piston Piezoquarz No
20 LVDT Piston Piezoquarz No
200 LVDT Piston
Strain gage load cell on
sample (296K) /
Strain gage load cell on
grips (233K, 373K)
296K: No
233K, 373K: Yes
(moderate)
0,004 Videoextensometer Calibrated strain gage
Quasistatic tensile
machine EN10002 No EN10002
1 Piezoquarz No
10 Piezoquarz No
100 Piezoquarz Yes (small)
250-350
Strain gage load cell on
sample No
300 No
600 No
900 No
VDEh1 IEHK servohydraulic
dynamic tensile machine
296K: Schenck and Roell
233K, 373K: Schenck
 VDEh2 IEHK servohydraulic
dynamic tensile machine
296K: Roell
233K, 373K: Schenck
Strain gage load cell on
grips
233
296
373
233
296
373
ECSC
Strain gage Split-
Hopkinson bar
LVDT Piston
Split-Hopkinson bar
strain gage cell
296
80x20x10
110x20x10
(102x12x6 for HCT600X
and HDT780C)
IEHK servohydraulic
dynamic tensile machine
62x10x4
(56x5x5 for HCT600XD,
HCT690TD and 1.4318)
ArcelorMittal, Ghent
Split-Hopkinson bar strain
gage  cell
100x20x6
4.3.2. Pre-straining
Uniaxial, biaxial and plane strain pre-straining with different forming levels have been tested with
or without bake hardening heat treatment, as input data for autobody components crash simulations.
Table 18 summarises the pre-straining conditions investigated dynamically.
 The pre-straining has been performed longitudinal (0°) or transverse (90°) to the rolling direction
(RD) in order to investigate some strain path changes effects. All dynamic samples, either in the
pre-strained or as delivered conditions, have been subsequently tested transverse (90°) to the rolling
direction. Figure 99 explains schematically the meaning of sample position and testing direction,
which are always referred to the rolling direction.
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Table 18: Investigated pre-strained conditions, dynamic testing [23], [190]-[194].
Project Material
as
delivered
170°C_
20mn
2% uniaxial
+170°C_20mn
2% uniaxial
+170°C_20mn
10% uniaxial
+170°C_20mn
10% uniaxial
+170°C_20mn
5%
biaxial
10%
uniaxial
10% plane
strain [0,5%,1,5%] [-0,5%,3%]
- - 0° 90° 0° 90° 90° 90° 90° 90° 90°
90° 90° 90° 90° 90° 90° 90° 90° 90° 90° 90°
HC180B x x - x x x - - - - -
HC260B x x - - - - - - - - -
HC260i x - - x x x - - - - -
HC320LA x - - x x x - - - - -
HCT500X x - - x x x - - - - -
HDT900TD x - x - - - - - - - -
HX300BD x - x x x x - - - - -
HCT780XD x - x x x x - - - - -
S235 x - - - - - x x x - -
HX340LAD x - - - - - x x x - -
HCT600XD x - - - - - x x x - -
HCT690TD x - - - - - x x x - -
1.4318 x - - - - - x x x - -
HC220i x - - - - - - - - x x
HX220BD x - - - - - - - - x x
HX220PD x - - - - - - - - x x
HCT500XD x - - - - - - - - x x
X: tested / -: not tested
ECSC
VDEh1
VDEh2
Prestraining direction
Dynamic testing direction
RD
RD
Dynamic sample
testing direction:
always according to
rolling direction
(here: transverse 90°)
Primary sample
prestraining direction:
always according to
rolling direction
(here: transverse 90°)
Figure 99: Schematic description of pre-straining & testing direction relative to rolling direction (RD).
(according to [194]).
+ VDEh1 – pre-straining
The pre-straining within the VDEh1 project has been performed uniaxially on 300x980mm2 sheets,
longitudinal (0°) and transverse (90°) to rolling direction at ArcelorMittal Bremen Stahlwerke
[190]. The pre-strained sheets have then been cooled down in liquid nitrogen, in order to avoid
ageing effects during transportation to IEHK, especially for bake hardening and dualphase steels.
The pre-strained sheets have then been heat treated at 170°C during 20mn and dynamic samples
manufactured out of it. As shown in Table 18, the pre-strained conditions 2% (transverse) and 10%
(transverse and longitudinal) with bake hardening heat treatment have been investigated for
HC180B, HC260i, HC320LA and HCT500X steel grades. HDT900C steel has been 2%
longitudinal pre-strained and bake hardened. The 2% and 10% pre-straining levels refer to uniaxial
engineering, not true strain pre-straining values.
The bake hardening steel grades HC180B and HC260B have been additionally bake hardened
(170°C, 20mn) without pre-straining in order to investigate separately the influence of bake
hardening heat treatment on the dynamic material behaviour.
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+ VDEh2 – pre-straining
The pre-straining within VDEh2 project has been performed according to SEP1240 testing
guidelines [37] on individual EN10002 samples with a quasistatic tensile testing machine at IEHK,
longitudinal (0°) and transverse (90°) to the rolling direction. A bake hardening heat treatment has
been performed after pre-straining, either directly or after liquid nitrogen cooling, in order to avoid
ageing effects. Secondary dynamic tensile testing samples have then been manufactured out of the
primary EN10002 pre-strained and heat treated samples [194].
+ ECSC: pre-straining
10% pre-straining:
The pre-straining in the frame of the ECSC project includes not only uniaxial tensile pre-straining
but also plane strain and biaxial forming conditions, at around 10% equivalent Mises true plastic
strain, as usually found in industrial crash components [23].
The pre-straining has been performed at ArcelorMittal OCAS Research Center with a tensile test
machine as well as a Marciniak tool, with conic walls and a bottomless die. Different strain modes
can be achieved with the Marciniak tool by changing the blank width, which affects the ratio of
major to minor strains. The strain magnitude is controlled by the drawing depth. The pre-straining
accuracy has been controlled with electrochemically etched circles grids on the blanks. This
Marciniak tool delivered flat pre-strained samples of maximum 100mm length, which could be used
for subsequent dynamic tensile tests. For each dynamic test sample to be manufactured, one primary
sample had to be pre-strained.
The secondary samples have been manufactured out of the pre-strained primary samples with the
wire spark erosion process (Figure 100). No machining has been used in order to avoid cold work
and heat generation in the sample. The pre-strained secondary dynamic samples have then been sent
to IEHK institute for servohydraulic dynamic testing in the low and intermediate strain rate range
[5.10-3-300s-1], as well as Ghent University and ArcelorMittal Metz Research Center for Split-
Hopkinson testing in the high strain rate range [300-1000s-1].
(a) (b)
Figure 100: Spark eroded dynamic samples out of pre-strained primary sheet samples [23].
(a): Tensile samples; (b): Marciniak samples.
No sample cooling has been done between sample pre-straining and dynamic sample testing, so that
eventual ageing effects cannot be excluded. All dynamic tests have been performed at room
temperature. The major strain lies transverse to rolling direction for the uniaxial and plane strain
conditions. All pre-strained secondary dynamic samples have been then cut transverse to the rolling
direction out of each primary sample for subsequent dynamic tensile testing. The dynamic samples
out of as delivered and pre-strained materials have finally been tested dynamically, transverse to
rolling direction. The experimental procedure and results are presented more into details in [23].
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The Mises equivalent pre-strain has been calculated as follows:
  2
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2
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2   (85)
With 1, 2 , 3 principal (true) strains.
For a balanced biaxial stretch strain state, 1=2 and 3=-1-2=-21, with plastic incompressibility
criteria (in the general case 1A 2 but 3=-1-2 is still valid). The equivalent strain in the biaxial
pre-straining case is then obtained as:
1
_
2  (86)
For a plane strain state 2=0, 3=-1 according to the volume constancy law. Hence:
1
_
3
2   (87)
For an uniaxial stress state where 2= 3 for an isotropic sheet steel, 2=-1/2, The equivalent strain
becomes for the uniaxial condition:
1
_
  (88)
The designation “10% pre-straining” means in fact 10% major strain for the plane strain condition,
5% major and 5% minor true strain for the biaxial condition and 10% engineering strain for the
uniaxial condition. Table 19 summarises the different pre-straining states. The plane strain pre-
straining is the most severe condition, reaching 0,115 equivalent true strain. The 10% uniaxial pre-
strained condition shows a lower 0,095 equivalent true strain.
Table 19: 10% pre-strained conditions, ECSC project [23].
Material condition major strain, - minor strain, - Mises strain, -
as delivered 0 0 0
5% biaxial prestrained 0,500 0,500 0,100
10% uniaxial prestrained 0,095 -0,048 0,095
10% plane strain 0,100 0,000 0,115
[0,5%, 1,5%] and [-0,5%, 3%] pre-strain
Deformation levels on minidoors, with (Figure 101b) and without (Figure 101a) counterpunch, have
been measured in order to simulate the pre-straining level in automotive outer door panels [23].
According to the measured strain levels, two different types of Marciniak samples have been
manufactured at ArcelorMittal-OCAS Research Center. Some samples have been pre-strained with
1=3% and 2=-0,5%, which represents the configuration with counterpunch. Other samples have
been pre-strained with 1=1,5 % and 2=0,5%, which represents the configuration without
counterpunch (all engineering strain).
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(a) (b)
Figure 101: Minidoor samples for denting application with (b) and without (a) counterpunch [23].
The secondary dynamic tensile specimens have been cut out by spark erosion out of each primary
pre-strained Marciniak samples transverse to the rolling direction [23]. The pre-strained secondary
dynamic samples have then been sent to IEHK for servohydraulic dynamic testing in the low and
intermediate strain rate range [5.10-3-300s-1], as well as ArcelorMittal-Metz Research Center for
Split-Hopkinson testing at 1000s-1. No sample cooling has been done between sample pre-straining
and dynamic sample testing.
The [0,5%, 1,5%] pre-strained condition reaches a lower equivalent pre-strain (0,021) than the
[-0,5%, 3%] condition (0,032). The equivalent pre-straining has been determined according to
equation (85), as shown in Table 20.
Table 20: Pre-strained conditions [0,5%, 1,5%] & [-0,5%, 3%], ECSC project [23].
Material condition major strain, - minor strain, - Mises strain, -
as delivered 0 0 0
[0,5%,1,5%] 0,015 0,005 0,021
[-0,5%,3%] 0,030 -0,005 0,032
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5. Experimental results
In this investigation three different strain rate ranges have been investigated for the determination of
the low [10-3-20s-1], intermediate [1-200s-1] and high [102-103s-1] strain rate sensitivity in the
temperature range between 233K and 373K. The average semi-logarithmic and logarithmic strain
rate sensitivities 10 and m have been determined for each strain rate range based on the least
squares method, which is described more in detail in previous chapter 3.4. In the following chapter,
the semi-logarithmic and logarithmic strain rate sensitivity will be referred respectively as 10 and
m.
The dynamic experimental data have been determined in the frame of the VDEh1 [190]-[193] and
VDEh2 [194] as well as ECSC [23] projects. The materials and testing conditions are already
described extensively in chapter 4. All the calculated numerical values of the average strain rate
sensitivity data for the as-delivered materials with the corresponding correlation r2 values are listed
in Appendix A1 to Appendix A8.
5.1. Experimental effects on the strain rate sensitivity values
Some scattering in the strain rate sensitivity data is observed even for similar steel grades in the
same strain rate range. Besides physical effects such as strain rate, temperature, plastic strain of
microstructure effects, experimental artefacts must be kept in mind when interpreting strain rate
sensitivity data. The testing conditions have been described more in detail in previous chapter 4.
Following remarks can be made concerning the testing methods.
+ In the ECSC project not exactly the same strain rates have been investigated as for the
VDEh1 and VDEh2 projects (10s-1 instead of 20s-1 for example). This may slightly
influence the low strain rate sensitivity values.
+ The use of damping has to be considered when comparing the 10 and m values in the
intermediate [1-200s-1] strain rate range. Rubber damping, as commonly used in the older
VDEh1 project, may decrease the strain rate sensitivity above 50s-1. When using calibrated
strain gage on the sample as for the VDEh2 or ECSC project, damping can be avoided, the
strain rate sensitivity values are more accurate and do not match exactly with damped
values.
+ The strain values during dynamic testing have been determined for all three VDEh1, VDEh2
and ECSC projects, based mostly on global LVDT piston displacement and not locally on
the sample. This may disturb the strain dependency of strain rate sensitivity of steel grades.
Quasistatic flow curves are measured from video extensometer on the sample, whereas
dynamic flow curves are derived from global piston displacement, so that this may
underestimate the low strain rate sensitivity values for 0,05 and 0,10 strain values. Besides
the strain rate locally applied on the sample gauge length may be nearly 20% overestimated
through global strain measurement. However a significant effect would only be observed if
the strain rate is changed by a factor 10, so that such experimental effects show only a slight
influence on the strain rate sensitivity.
+ A 3rd degree polynomial non parametric approximating spline is used systematically for load
smoothing at strain rate higher than 50s-1. This may also additionally flatten the strain rate
sensitivity values at high strain rate in comparison to the low strain rate range.
At low strain rate up to 20s-1 without inertia effects, all tests from all three projects can be compared
very effectively, since the same testing technique has been used without damping or spline
smoothing. At higher strain rate, the influence of testing and analysis technique is more
predominant, so that the interpretation of such data should be done carefully. Nevertheless because
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of the large amount of available data, some statistics can be performed, which deliver some overall
trends, despite slightly different testing technique methods.
5.2. Influence of strain rate on strain rate sensitivity
The influence of strain rate on strain rate sensitivity is investigated hereafter at room temperature,
based on the largest amount of experimental data. An overview of 10 and m values at 0,002 true
plastic strain is given in Figure 102 and Figure 103. In Figure 104 and Figure 105 the power fitting
curves with the least squares method of experimental 10 and m values have been plotted versus
quasistatic yield strength for 0,002, 0,05 and 0,10 true plastic strain levels.
A significant increase of strain rate sensitivity values 10 and m with increasing strain rate can be
observed for all plastic strain levels and all materials considered. The lower the quasistatic yield
strength, the higher the strain rate sensitivity values, especially for 0,002 true plastic strain. Mild,
HSS and HSLA steels show higher m-values than AHSS steels (Figure 103). The strain rate
sensitivity values m and 10 decrease with increasing true plastic strain (Figure 104, Figure 105).
The strain rate sensitivity values show some significant scatter, even for similar steel grades like
HX220BD or HCT600XD from VDEh2 and ECSC projects.
Sorting the strain rate sensitivity values with increasing quasistatic room temperature yield strength
delivers the best fitting quality in comparison to tensile strength values when considering statistical
analysis.
The highest strain rate sensitivity value m is reached for mild ferritic IF steel DC06. It has not the
highest semi-logarithmic strain rate sensitivity absolute value, but because of its very low yield
strength it shows the highest logarithmic strain rate sensitivity value m. According to equation (8),
the m values are inversely proportional to the flow stress value when assuming a nearly constant 10
value in first approximation (m0,002?10/Rp0,2).
Generally though decreasing with increasing stress level, the 10 value are not that dependent on the
yield strength level as the m values at any strain level considered. It shows that the m values are
strongly influenced by flow stress rather than 10 values. At high quasistatic yield strength level
above 400MPa, the sharp decrease of the strain rate sensitivity values 10 and m is slowed down
significantly.
The high strain rate sensitivity values in the strain rate range [102-103s-1] have been considered in
the frame of the ECSC project with the Split-Hopkinson bar testing method as described in
chapter 4.3. An additional significant increase of the high strain rate sensitivity is observed in
comparison with the low and intermediate strain rate sensitivity values as shown in Figure 102 to
Figure 105.
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Figure 102: Low, intermediate and high strain rate semi-log. strain rate sensitivity 10 (=0,002, 296K)
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Figure 103: Low, intermediate and high strain rate log. strain rate sensitivity m (=0,002, 296K).
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5.3. Influence of plastic strain on strain rate sensitivity
The strain rate sensitivity is not only dependent on the strain rate, but also on the true plastic strain
level considered for the flow stress. The higher the plastic strain, the better the flow stress accuracy,
as a consequence of increased oscillation damping. The adiabatic heating effect becomes only
predominant at true plastic strain values over 0,10. It is therefore recommended to determine the
strain rate sensitivity in the strain range between yield strength and 0,10 true plastic strain [4], [21].
In this investigation the true plastic strain levels of 0,002, 0,05 and 0,10 have been selected in order
to analyse the experimental results. The strain rate sensitivity has also been plotted continuously
versus true plastic strain for some steel grades.
Three strain rate ranges have been considered for 10 and m determination at room temperature,
respectively [10-3-20s-1], [1-200s-1] and [102-103s-1]. Mild, HSS and HSLA steels are compared in
this investigation with AHSS steels.
5.3.1. Continuous description up to uniform elongation
The logarithmic strain rate sensitivity 10 and m have been determined at room temperature for
regularly spaced true plastic strain values up to uniform elongation. Figure 106 and Figure 107
show the strain dependency of the low [10-3-20s-1] strain rate sensitivity 10 and m. Figure 108 and
Figure 109 give the intermediate [1-200s-1] strain rate sensitivity 10 and m. Figure 110 describes
the high [102-103s-1] strain rate sensitivity 10 and m. Mild, HSS and HSLA steels have been
considered separately from AHSS steels, since both categories show some significant differences in
their dynamic behaviour.
10 and m strain rate sensitivity show nearly the same evolution with increasing plastic strain.
Generally a sharp decrease of 10 and m values up to 0,05 true plastic strain is observed for most
steel grades. Mild and HSS steel grades show the most pronounced decrease. HSLA steels show
rather constant strain rate sensitivity values with increasing plastic strain. A plateau in the strain rate
sensitivity values is reached at higher strain values over 0,10. The higher the quasistatic yield
strength, the sooner the plateau value is reached. AHSS steels show a very sharp drop of strain rate
sensitivity m below 0,05 true plastic strain, followed by a plateau or even a slight increase of the
strain rate sensitivity values.
The strain rate sensitivity 10 and m values are much lower for AHSS steels as for mild, HSS and
HSLA steel grades. This is true for all the three strain rate ranges investigated. In the higher strain
rate range, the drop of strain rate sensitivity with increasing plastic strain is not as pronounced as
for the low strain rate range.
The plateau m value in the low strain rate [10-3-20s-1] range varies between 0,01 and 0,03 for mild,
HSS and HSLA steels and remains below 0,01 for AHSS steels. In the low strain rate range even
some negative strain rate sensitivity m can be observed for dualphase steels below 0,05 true plastic
strain. In the intermediate [1-200s-1] strain rate range, the logarithmic strain rate sensitivity m
reaches higher values ranging between 0,025 and 0,05 for mild, HSS or HSLA steels and between
0,01 and 0,025 for AHSS steels.
High strain rate [102-103s-1] testing shows the same tendencies, the strain rate sensitivity m values
being shifted to even higher values between 0,03 and 0,07. No significant decrease for strain rate
sensitivity 10 and m values can be seen in comparison to low strain rate testing results. AHSS
steels show also at high strain rates the lowest strain rate sensitivity values in comparison to mild,
HSS and HSLA steels.
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Figure 106: Low strain rate 10 and m vs. true plastic strain ([10-3-20s-1], mild/HSS/HSLA steels, 296K).
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Figure 107: Low strain rate 10 and m vs. true plastic strain ([10-3-20s-1], AHSS steels, 296K).
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Figure 108: Intermediate strain rate 10 and m vs. true plastic strain ([1-200s-1], mild/HSS/HSLA, 296K).
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Figure 109: Intermediate strain rate 10 and m vs. true plastic strain ([1-200s-1], AHSS steels, 296K).
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Figure 110: High strain rate 10 and  m vs. true plastic strain ([102-103s-1], Mild/HSS/HSLA/AHSS steels).
5.3.2. Strain rate sensitivity at 0,002, 0,05 and 0,10 true plastic strain
Figure 111 and Figure 112 show the low and intermediate strain rate semi-logarithmic strain rate
sensitivity 10 at 0,002, 0,05 and 0,10 true plastic strain. Figure 113 and Figure 114 show the
corresponding logarithmic strain rate sensitivity m values. The steel grades are sorted according to
increasing quasistatic room temperature yield strength value. Figure 115 shows the 10 and
m values in the high strain rate range [102-103s-1].
For most steel grades the strain rate sensitivity values 10 and m decrease with increasing plastic
strain value as well for the low as for intermediate strain rate range. The differences between the
different strain levels are not so significant at high strain rate (Figure 115).
The strain rate sensitivity often shows a 50% drop when comparing the 0,002 values with the 0,10
values. There is not much difference between the 0,05 and 0,10 values. With increasing quasistatic
yield strength, the absolute value of the strain rate sensitivity decreases. This effect is especially
pronounced when considering the logarithmic strain rate sensitivity as shown in Figure 113 and
Figure 114.
Figure 116 and Figure 117 show some power fitting of the strain rate sensitivity m versus
quasistatic yield strength with a relatively good correlation for 0,002 true plastic strain (r²>80%). At
any strain, the higher the yield strength, the lower the strain rate sensitivity. The strain rate
sensitivity decreases with increasing plastic strain, whereas only some minor differences can be
observed between 0,05 and 0,10 true plastic strain.
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Figure 111: Low strain rate semi-log. 10 strain rate sensitivity ([10-3-20s-1], =0,002/0,05/0,10; 296K).
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Figure 112: Intermediate strain rate semi-log. 10 strain rate sensitivity ([1-200s-1], =0,002/0,05/0,10; 296K).
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Figure 113: Low strain rate log. strain rate sensitivity m ([10-3-20s-1], =0,002/0,05/0,10; 296K).
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Figure 114: Intermediate strain rate log. strain rate sensitivity m ([1-200s-1], =0,002/0,05/0,10; 296K).
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Figure 115: High strain rate 10 and m values ([102-103s-1], mild/HSS/HSLA/AHSS steels, 296K).
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Figure 116: Low strain rate  log. strain rate sensitivity m vs. quasistatic Rp0,2.
Power fitting of experimental data ([10-3-20s-1]¸=0,002/0,05/0,10; 296K).
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Figure 117: Intermediate strain rate log. strain rate sensitivity m vs. quasistatic Rp0,2.
Power fitting of experimental data ([1-200s-1], =0,002/0,05/0,10; 296K).
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5.4. Influence of temperature on strain rate sensitivity
Based on the wide database from VDEh1 [190]-[193], VDEh2 [194] and ECSC [23] projects, the
influence of temperature on the strain rate sensitivity has been investigated at three temperatures
233K, 296K and 373K as described in the testing procedure in previous chapter 4.3 (Table 17). This
set of temperature has been introduced in the frame of the SEP1240 [37] German dynamic tensile
testing standard for automotive sheet steels. The low [10-3-20s-1] and intermediate [1-200s-1] strain
rate sensitivity are considered hereafter.
5.4.1. Dynamic flow stress versus temperature
Figure 118, Figure 119 and Figure 120 show exemplarily the strain rate sensitivity of the flow stress
for DC04, HCT690TD and HDT900C steel grades at 0,002, 0,05 and 0,10 true plastic strain. Mild
steel DC04 shows obviously a much higher strain rate sensitivity than AHSS steel grades
HCT690TD and HDT900T. While for DC04 a drop of strain rate sensitivity with increasing
temperature can be clearly observed, this trend is not so pronounced for the other high strength steel
grades. It is the aim of the following investigation to quantify those differences.
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Figure 118: Flow stress strain rate sensitivity at 0,002/0,05/0,10 true plastic strain (233/296/373K).
(Mild steel DC04, VDEh1).
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Figure 119: Flow stress strain rate sensitivity at 0,002/0,05/0,10 true plastic strain (233/296/373K).
(Low alloy TRIP steel HCT690TD, VDEh1).
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Figure 120: Flow stress strain rate sensitivity at 0,002/0,05 true plastic strain (233/296/373K).
(Multiphase steel HDT900C, VDEh1).
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5.4.2. 10 and m values at 233K, 296K and 373K
The influence of temperature on the semi-logarithmic 10 (Figure 121, Figure 122) and logarithmic
m (Figure 123, Figure 124) strain rate sensitivity has been determined respectively in the low
[10-3-20s-1] and intermediate [1-200s-1] strain rate range for 0,002 true plastic strain.
Figure 125 and Figure 126 show a statistical power fitting of the strain rate sensitivity m(0,002)
versus the quasistatic yield strength value in the low and intermediate strain rate range. A linear
fitting of the strain rate sensitivity m(0,002) versus cquasistatiRp ,2,0/1  has also been performed in
Figure 127 and Figure 128 for both strain rate ranges. The corresponding quasistatic yield strength
for each testing temperature has been taken into account (not only the room temperature Rp0,2
values).
A decrease of strain rate sensitivity is generally seen with increasing temperature. This overall trend
is more pronounced in the low strain rate range (Figure 125, Figure 127) than in the intermediate
strain rate range (Figure 126, Figure 128).
Figure 125 and Figure 127 show very clearly the decrease of strain rate sensitivity m with
increasing temperature. Figure 126 and Figure 128 do not show the same clear tendency in the
intermediate strain rate range.
The slope of the strain rate sensitivity m0,002 versus Rp0,2-0,5 decreases significantly with increasing
temperature (Figure 127, Figure 128). The linear fitting with cquasistatiRp ,2,0/1  gives a better correlation
coefficient R2 in comparison to a power fitting. The correlation at room temperature is based on a
larger amount of experimental data than for non ambient temperature testing, since ECSC data have
only been tested at room temperature.
The room temperature strain rate sensitivity is in many case higher than at 233K or 373K. This is
especially the case for VDEh2 data. This effect is observed in the intermediate, but not in the low
strain rate range.
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Figure 121: Low strain rate semi-log. strain rate sensitivity 10 ([10-3-20s-1], =0,002; 233/296/373K).
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Figure 122: Intermediate strain rate semi-log. strain rate sensitivity 10 ([1-200s-1], =0,002; 233/296/373K).
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Figure 123: Low strain rate log. strain rate sensitivity m ([10-3-20s-1], =0,002; 233/296/373K).
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Figure 124: Intermediate strain rate log. strain rate sensitivity m ([1-200s-1], =0,002; 233/296/373K).
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Figure 125: Low strain rate log. strain rate sensitivity m vs. quasistatic Rp0,2.
Power fitting results of experimental data ([10-3-20s-1], =0,002; 233/296/373K).
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Figure 126: Intermediate strain rate log. strain rate sensitivity m vs. quasistatic Rp0,2.
Power fitting results of experimental data ([1-200s-1], =0,002; 233/296/373K).
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Figure 127: Low strain rate log. strain rate sensitivity m vs. cquasistatiRp ,2,0/1 .
Linear fitting results of experimental data ([10-3-20s-1], =0,002; 233/296/373K).
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Figure 128: Intermediate strain rate log. strain rate sensitivity m vs. cquasistatiRp ,2,0/1 .
Linear fitting results of experimental data ([1-200s-1], =0,002; 233/296/373K).
5.5. Influence of microstructure on strain rate sensitivity
In this chapter, it is intended to classify more into detail the strain rate sensitivity behaviour of sheet
steel grades according to their microstructure in the low [10-3-20s-1] and intermediate [1-200s-1]
strain rate range. The experimental data have been taken from the VDEh1 [190]-[193] and VDEh2
[194] projects as well as the ECSC project [23]. The focus has been laid on the semi-logarithmic
strain rate sensitivity, which is more intuitive to discuss.
5.5.1. Microstructure overview 10
Figure 129 and Figure 130 give an overview of semi-logarithmic strain rate sensitivity values 10 in
the low [10-3-20s-1] and intermediate [1-200s-1] strain rate range at room temperature (=0,002).
The steel grades are divided into specific steel categories, including the hot and cold rolled
conditions. A distinction between mild, structural, IF, high strength IF, bake hardening, isotropic,
rephosphorised, HSLA, dualphase, low and high alloy TRIP steels is done, as shown in Figure 129
and Figure 130. All strain rate sensitivity data are also given in Appendix A1 to Appendix A8.
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Figure 129: Low strain rate 10 vs. quasistatic yield strength: overview ([10-3-20s-1], =0,002, 296K).
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Figure 130: Intermediate strain rate 10 vs. quasistatic yield strength: overview ([1-200s-1], =0,002, 296K).
Remarkable is at first the results scattering depending on the microstructure investigated. 10 values
range from 5 to 45MPa.log-1(s-1) at low strain rate and from 15 to 90MPa.log-1(s-1) in the
intermediate strain rate range. The highest 10 values are reached with an IF ferritic microstructure,
the lowest with multiphase AHSS steels. Within each steel grade category there is also a big
scattering range. In the single phase ferritic microstructure, a large scatter of strain rate sensitivity
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values is observed between IF, high strength IF, bake hardening isotropic or rephosphorised steel
grades for example, even for the same strength level. This can only be explained when having a
closer look on the strengthening mechanism involved. Dualphase steels show comparable 10 values
with low alloy TRIP steels. Multiphase steels show the lowest 10 values.
The different steel grade categories are investigated more into detail in the following chapter, in
order to link the material microstructure and the strain rate sensitivity results. The differences in the
strain rate sensitivity are best seen when investigating the average semi-logarithmic strain rate
sensitivity 10 values, in the low [10-3-20s-1] and intermediate [1-200s-1] strain rate ranges. Non
ambient temperature results at 233K and 373K are also included, for comparison with room
temperature experimental results.
5.5.2. Mild and structural steels
Mild deep drawing cold rolled DC04 and hot rolled DD13 steels have been investigated together
with structural hot rolled S235 steel. IF steel DC06 and bake hardening HC180B ULC steels are
also included for comparison purpose. All steels are low alloyed.
DC04, DD13 and S235 steel grades are mainly Mn alloyed. DC06 and HC180B show some very
low carbon content with Mn alloying. HC180B is lightly P-alloyed. DC06 is Ti-alloyed in order to
ensure an interstitial free ferrite microstructure. All steels have a ferritic microstructure with similar
grain size (Table 21a). Table 21b shows both the calculated strain rate sensitivity values and the
quasistatic mechanical properties of the investigated steels.
Table 21: Mild & structural steels (a): Chemical composition; (b): 10 values.
ASTM
LC:(Mn) DC04_VDEh1 0,025 0,01 0,19 0,008 0,001 0,002 9 16 100%F
LC:(Mn) DD13_VDEh1 0,028 0,02 0,17 0,010 0,001 0,002 9 16 100%F
Structural LC:(Mn) S235_ECSC 0,067 0,01 0,43 0,009 0,001 0,001 10 11 97,5%F+2,5%P
IF ULC:(Mn)+(Ti) DC06_VDEh1 0,002 0,01 0,10 0,009 0,003 0,056 8,5 19 100%F
BH ULC:(Mn+P) HC180B_VDEh1 0,006 0,01 0,19 0,018 0,003 0,001 9 16 100% F
*: F: ferrite / P: perlite
SiC
Ferrite
grain size Microstructure*TiNbPMn
Mild
Steel gradeAlloyingconceptType m
(a)
T Rp0. 2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1 ] [10-3-20s-1] [1-200s-1]
K MPa MPa % %
233 273 353 24,1 40,1 42 44 37 49
296 185 299 23,3 40,4 32 46 20 43 17 39
373 168 264 24,5 39,1 12 35 8 23 10 21
233 362 404 17,7 36,1 39 41 38 50
296 293 352 16,4 31,8 29 42 20 47 19
373 272 328 14,3 17,6 10 26 5 25 8 22
S235_ECSC 296 331 407 17,0 34,7 24 42 17 46 17 35
233 257 338 25,0 40,5 46 52 41 51
296 140 284 25,0 43,7 46 69 26 64 21 61
373 116 246 26,0 42,0 22 55 9 34 10 29
233 274 355 22,2 44,3 47 46 40 49
296 200 310 20,9 37,1 33 51 19 46 16 40
373 181 281 23,0 33,1 15 42 7 25 10 23
MPa.log-1(s-1) MPa.log-1(s-1) MPa. log-1(s-1)
Steel grade
DC04_VDEh1
DD13_VDEh1
DC06_VDEh1
HC180B_VDEh1
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
(b)
Figure 131a and Figure 131b show the dynamic yield and tensile strength of the investigated mild
and structural steels at room temperature. All steels show a positive strain rate sensitivity both for
yield and tensile strength. The tensile strength increases slower than the yield strength with
increasing strain rate. All steels show some similar slope of stress versus logarithmic strain rate,
except for DC06, which shows some significant steeper slope, especially for the yield strength.
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Figure 131: Mild & structural steels (296K) (a): Dynamic yield strength; (b): Dynamic tensile strength.
Figure 132a and Figure 132b show the temperature sensitivity of the semi-logarithmic strain rate
sensitivity 10. IF steel DC06 shows at any temperature the highest 10 values, followed by
HC180B, DC04, DD13 and S235. With increasing temperature, the strain rate sensitivity 10
decreases. This tendency is clear in the low strain rate range. In the intermediate strain rate range,
the room temperature 10 values show an intermediate maximum at 296K. The strain rate sensitivity
increases noticeably with 10 values between 25 and 40MPa.log-1(s-1) in the low strain rate range up
to values between 40 and 70MPa.log-1(s-1) in the intermediate strain rate range. DC06 shows a
significantly higher strain rate sensitivity level, in comparison to the other investigated steel grades.
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Figure 132: Mild & structural steels 10 (0,002) vs. temperature at low (a) and intermediate (b) strain rate.
Figure 133a and Figure 133b show a comparison of the room temperature 10 values in the low and
intermediate strain rate range. In the intermediate strain rate range, the differences in the 10 values
are reduced except for DC06. In the low strain rate range, the 10 values decrease in the following
order: DC06/DC04/HC180B/DD13/S235. The differences between the 10 values at 0,002, 0,05 or
0,10 true plastic strain are much more pronounced in the low strain rate range than in the
intermediate strain rate range. The 10 values are almost doubled in the intermediate strain rate
range in comparison to the low strain rate range.
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Figure 133: Mild & structural steels: 10 at low (a) & intermediate (b) strain rate (296K, =0,002/0,05/0,10).
5.5.3. IF and high strength IF steels
Cold rolled ULC interstitial free ferritic steels have been investigated. An extra deep drawing IF
steel DC06(VDEh1), as well as high strength IF (HSIF) steel grades HX180YD(VDEh2),
HX220YD(VDEh2) and HX260YD(VDEh1), have been selected as described in Table 22a. The
calculated numerical strain rate sensitivity values 10 are listed in Table 22b.
Table 22: IF steels (a): Chemical composition; (b): 10 values.
ASTM
IF ULC:(Mn)+(Ti) DC06_VDEh1 0,002 0,01 0,10 0,009 0,003 0,056 8,5 19 100%F
ULC:(Mn+P)+(Ti) HX180YD_VDEh2 0,004 0,01 0,57 0,031 0,004 0,083 100%F
ULC:(Mn+P)+(Nb+Ti) HX220YD_VDEh2 0,003 0,01 0,35 0,042 0,024 0,023 11,5 7 100%F
ULC:(Mn+P)+(Nb+Ti) HX260YD_VDEh1 0,004 0,02 0,73 0,082 0,023 0,025 10 11 100%F
*: F: ferrite
NbC Si Mn P
HSIF
Type Alloying concept Steel grade Ti
Ferrite
grain size Microstructure*
n.d.
m
(a)
T Rp0. 2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1 ] [10-3-20s-1] [1-200s-1]
K MPa MPa % %
233 257 338 25,0 40,5 46 52 41 51
296 140 284 25,0 43,7 46 69 26 64 21 61
373 116 246 26,0 42,0 22 55 9 34 10 29
233 248 400 21,4 38,1 52 46 34 47 25 44
296 207 356 22,2 38,3 33 64 17 51 13 44
373 195 320 25,4 39,8 14 34 6 24 7 24
233 260 404 22,1 37,5 46 45 44 48 28 47
296 228 366 22,4 37,6 31 64 19 50 16 40
373 212 329 23,0 38,6 15 27 10 18 11 17
233 340 457 21,7 35,9 36 55 26 59 21 55
296 299 404 19,8 33,3 19 45 12 45 10 49
373 276 365 19,9 30,8 7 38 9 30 10 31
MPa.log-1 (s-1) MPa.log-1(s-1) MPa.log-1(s-1)
Steel grade
DC06_VDEh1
HX180YD_VDEh2
HX220YD_VDEh2
HX260YD_VDEh1
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
(b)
Figure 134a and Figure 134b show the dynamic yield and tensile strength of the investigated IF
steels at room temperature. Both yield and tensile strength show a positive strain rate sensitivity at
all strain rates. The dynamic tensile strength (Figure 134b) shows some lower 10 values than the
dynamic yield strength (Figure 134a). The higher the yield strength level, the lower the strain rate
sensitivity, especially for HX260YD(VDEh1) (Figure 134a).
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Figure 134: IF steels (296K) (a): Dynamic yield strength; (b): Dynamic tensile strength.
In the low strain rate range, the strain rate sensitivity is decreasing with increasing temperature for
all steels investigated (Figure 135a). In the intermediate strain rate range, the room temperature 10
values are higher than at 233K or 373K, except for HX260YD(VDEh1) (Figure 135b). HSIF steel
grades HX180YD(VDEh2) and HX220YD(VDEh2) show very similar 10 values for both strain
rate ranges. DC06(VDEh1) shows the highest strain rate sensitivity values, for any strain rate range
or temperature chosen. HX260YD(VDEh1) delivers the lowest 10 values at any temperature in the
low strain rate range (Figure 135a). In the intermediate strain rate range, the distinction between the
different steels is not as pronounced (Figure 135b).
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Figure 135: IF steels: 10 (0,002) vs. temperature at low (a) and intermediate (b) strain rate.
The room temperature 10 values in the low and intermediate strain rate range are shown in
Figure 136a and Figure 136b. It is clear that, the higher the yield strength, the lower the strain rate
sensitivity both for the low (Figure 136a) and intermediate (Figure 136b) strain rate range.
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Figure 136: IF steels: 10 values at low (a) and intermediate (b) strain rate (296K, =0,002/0,05/0,10).
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When considering the chemical composition of the investigated steels, it is clear that an increasing
yield strength level is achieved with additional Mn and P content, P being a very effective solid
solution strengthening element. Since C and N are stabilised with microalloying elements, the only
solid solution elements remaining are Mn and P, in a lesser extent Si in the present case (Table 22a).
Grain refinement shows no coherent influence on 10 values. HX260YD has an even larger ferrite
grain size (11m) than HX220YD (7m) but still the lowest 10 values. For the same ferritic
microstructure, mostly Mn and P solid solution alloying decreases therefore significantly the strain
rate sensitivity 10.
5.5.4. Bake hardening steels
Several bake hardening steels have been investigated in the batch annealed (HC180B, HC260B) or
hot dip galvanised (HX220BD, HX300BD) condition. All steels have been investigated in the as-
delivered condition, without pre-straining or any heat treatment. HX220BD has been investigated
twice in the frame of the VDEh2 and ECSC project with different chemical composition
(Table 23a). The calculated numerical strain rate sensitivity values 10 are listed in Table 23b.
Table 23: BH steels (a): Chemical composition; (b): 10 values.
ASTM
ULC:(Mn+P) HC180B_VDEh1 0,006 0,01 0,19 0,018 0,003 0,001 9 16 100%F
LC:(Mn+P) HX220BD_VDEh2 0,065 0,01 0,29 0,013 <0,001 <0,001 96%F+4%P
ULC:(Si+Mn+P)+(Nb) HX220BD_ECSC 0,003 0,12 0,21 0,047 0,011 0,007 10 11 100%F
LC:(Mn+P) HC260B_VDEh1 0,076 0,02 0,44 0,086 0,004 0,002 10 11 100%F
LC:(Si+Mn+P)+(Ti) HX300BD_VDEh2 0,064 0,12 0,25 0,021 <0,001 0,012 99%F+1%P
*: F: ferrite / P: perlite
n.d.
n.d.
Nb Ti
Ferrite
grain size Micro
structure*C Si Mn P
BH
Type Alloying concept Steel grade
m
(a)
T Rp0.2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1 ] [10-3-20s-1] [1-200s-1]
K MPa MPa % %
233 274 355 22,2 44,3 47 46 40 49
296 200 310 20,9 37,1 33 51 19 46 16 40
373 181 281 23,0 33,1 15 42 7 25 10 23
233 300 406 16,8 33,9 59 46 43 50
296 244 376 17,3 32,8 37 70 20 57 16
373 223 346 18,0 24,6 14 36 2 20 5 16
HX220BD_ECSC 296 235 365 19,1 37,8 18 54 5 38 5 30
233 313 437 22,8 34,2 35 65 25 59 21 54
296 274 382 20,3 33,2 18 41 11 26 12 24
373 259 360 20,1 27,6 11 30 7 17 10 18
233 346 450 16,0 29,0 44 46 31 44 22 41
296 310 419 16,0 31,1 25 64 12 55 14 47
373 281 390 16,9 23,3 11 17 2 10 6 10
MPa.log-1(s-1) MPa.log-1(s-1) MPa.log-1(s-1)
Steel grade
HC180B_VDEh1
HX220BD_VDEh2
HC260B_VDEh1
HX300BD_VDEh2
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
 (b)
Figure 137a and Figure 137b show the dynamic yield and tensile strength of the investigated bake
hardening steels at room temperature. As seen for IF steels, the strain rate sensitivity of tensile
strength is lower than that of yield strength. HC260B(VDEh1) and HX220BD(ECSC) show the
lowest strain rate sensitivity values over the entire strain rate range when considering the slope of
the flow stress versus logarithmic strain rate.
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Figure 137: BH steels (296K) (a): Dynamic yield strength; (b): Dynamic tensile strength.
Figure 138a and Figure 138b show a similar dynamic behaviour of bake hardening steels as for IF
steels. In the lower strain rate range a continuous decrease of the strain rate sensitivity with
increasing temperature is observed. In the intermediate strain range, a maximum is found at 296K
for the 10 values, except for HC260B(VDEh1) steel grade. The strain rate sensitivity behaviour of
HC260B(VDEh1) is therefore very similar to HX260YD(VDEh1) steel grade, as shown previously.
Both steels are strongly P-alloyed and show the lowest 10 values, at least in the low strain rate
range and at room temperature for the intermediate strain rate range.
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Figure 138: BH steels: 10 (0,002) vs. temperature in the low (a) and intermediate (b) strain rate range.
The room temperature 10 values of bake hardening steels at different true plastic strain values in
the low and intermediate strain rate ranges are shown in Figure 139a and Figure 139b. The
significant higher strain rate sensitivity of HX220BD(ECSC) is obvious in comparison to
HX220BD(VDEh2) for both strain rate ranges. HC260B(VDEh1) shows also some low 10 values
for both low and intermediate strain rate range. HC180B does not show any significant amount of
solid solution elements and its strain rate sensitivity values are high. HX220BD(ECSC) steel grade
contains, at comparable Mn content, more Si and P than HX220BD(VDEh2) steel grade. This
additional solid solution alloying decreases the strain rate sensitivity quite effectively. Even steel
grades with the same ISO-norm denomination and mechanical properties can show significant
differences in the strain rate sensitivity behaviour.
As for IF steels, the P-content correlates quite well with the strain rate sensitivity values with all
investigated bake hardening steels. The higher the P-content, the lower the strain rate sensitivity.
The influence of Si or Mn is not as strong on the 10 values as with P.
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Figure 139: BH steels: 10 values at low (a) and intermediate (b) strain rate (296K, =0,002/0,05/0,10).
5.5.5. Isotropic and rephosphorised steels
Isotropic (HC220i, HC260i) and rephosphorised steels (HC220P, HC260P) have been compared in
this investigation. Bake hardening steel HC260B in batch annealed condition is also included as a
reference to compare the influence of P-alloying with bake hardening and rephosphorised steels.
Table 24a shows the chemical composition and microstructure of the investigated steel grades. The
calculated numerical strain rate sensitivity 10 values are listed in Table 24b.
Table 24: Isotropic and rephos steels (a): Chemical composition; (b): 10 values.
ASTM
BH LC:(Mn+P) HC260B_VDEh1 0,076 0,02 0,44 0,086 0,004 0,002 10 11 100%F
LC:(Mn)+(Ti) HC220i_ECSC 0,039 0,02 0,20 0,009 0,002 0,023 11 8 99%F+1%P
LC:(Mn)+(Ti) HC260i_VDEh1 0,035 0,01 0,18 0,008 - 0,027 11 8 100%F
ULC:(Si+Mn+P)+(Ti) HX220PD_ECSC 0,008 0,11 0,57 0,026 0,005 0,075 11 8 100%F
LC:(Si+Mn+P) HC260P_VDEh1 0,080 0,14 0,65 0,074 - - 10,5 10 100%F
*: F: ferrite / P: perlite
P Nb Ti
Isotropic
Rephos
Ferrite
grain size Microstructure*Type Alloying concept Steel grade C Si Mn
m
(a)
T Rp0.2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1] [10-3-20s-1 ] [1-200s-1]
K MPa MPa % %
233 313 437 22,8 34,2 35 65 25 59 21 54
296 274 382 20,3 33,2 18 41 11 26 12 24
373 259 360 20,1 27,6 11 30 7 17 10 18
233 338 414 21,5 33,2 43 66 39 72
296 275 363 20,3 33,1 28 53 22 58 19 58
373 255 328 22,0 34,4 7 15 7 17 10 18
233 359 498 19,0 24,6 28 48 16 46 14 46
296 315 439 18,4 30,1 16 41 9 40 11 45
373 294 406 19,3 26,6 6 24 6 12 9 18
HC220i_ECSC 296 243 356 21,3 40,1 23 51 12 44 10 39
HX220PD_ECSC 296 237 377 19,8 36,5 20 49 7 34 7 27
MPa.log-1(s-1) MPa.log-1(s-1) MPa.log-1(s-1)
Steel grade
HC260B_VDEh1
HC260i_VDEh1
HC260P_VDEh1
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
(b)
Figure 140a and Figure 140b show the dynamic yield and tensile strength of the investigated
isotropic and rephos steels at room temperature. The 10 values are compared at a similar yield
strength level of 220MPa (HC220i, HX220PD) or 260MPa (HC260i, HC260P, HC260B). As seen
before, the tensile strength shows a lower strain rate sensitivity as the yield strength. HC260B and
HC260P have a particularly low strain rate sensitivity in the low strain rate range. Isotropic steels
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show higher strain rate sensitivity values than rephos steels for both 220MPa and 260MPa yield
strength. In the intermediate strain rate range, the strain rate sensitivity differences are less
pronounced than in the low strain rate range.
 Isotropic / rephos steels 296K
Dynamic yield strength
200
300
400
500
600
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
R
p 0
,2
, M
Pa
HC260B_VDEh1
HC260P_VDEh1
HC260i_VDEh1
HX220PD_ECSC
HC220i_ECSC
 Isotropic / rephos steels 296K
Dynamic tensile strength
200
300
400
500
600
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
R
m
, M
Pa
HC260B_VDEh1
HC260P_VDEh1
HC260i_VDEh1
HX220PD_ECSC
HC220i_ECSC
(a) (b)
Figure 140: Isotropic & rephos steels (296K) (a): Dynamic yield strength; (b): Dynamic tensile strength.
Figure 141a and Figure 141b show the temperature dependency of the low and intermediate 10
values of the investigated isotropic and rephos steels. HC260P and HC260B show the lowest
10 values for most temperature in both strain rate ranges. The isotropic steels HC220i and HC260i
show higher 10 values for both strain rate ranges. For both strain rate ranges, the 10 values
decrease with increasing temperature. This decrease in 10 values with increasing temperature is
stronger for isotropic (HC220i) as for rephos steels.
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Figure 141: Isotropic & rephos steels 10 (0,002) vs. temperature at low (a) and intermediate (b) strain rate.
Figure 142a and Figure 142b show the room temperature 10 values for the investigated isotropic
and rephos steels in the low and intermediate strain rate range. For the same strength level, isotropic
steels show higher values than rephos steels. HC260P shows a comparable behaviour with
HC260B. Both steels are Mn, Si and P-alloyed in higher amount than isotropic steels (Table 24a).
The amount of solid solution element content is almost the same for HC260B and HC260P.
Isotropic steels however are not P-alloyed. All steel grades show approximately the same ferrite
grain size around 8-10m (Table 24b), the microstructure is single phased (ferrite). The strain rate
sensitivity differences can therefore only be interpreted in relation with the different amounts of
solid solution element content, especially considering phosphorous, which has the strongest solid
solution alloying effect.
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Figure 142: Isotropic & rephos steels 10 at low (a) & intermediate (b) strain rate (296K, =0,002/0,05/0,10).
5.5.6. HSLA steels
Microalloyed cold rolled batch annealed HC320LA and hot dip galvanised HX260LAD,
HX340LAD and HX420LAD have been investigated. HX340LAD has been tested twice in the
frame of the ECSC and VDEh1 project with different chemical compositions. Thermomechanically
hot rolled microalloyed S380MC steel has also been tested.
Table 25a shows the chemical composition and microstructure of the investigated HSLA steel
grades. The calculated numerical strain rate sensitivity values 10 are listed in Table 25b.
Table 25: HSLA steels (a): Chemical composition; (b): 10 values.
ASTM
LC:(Mn)+(Ti) HX260LAD_VDEh2 0,038 0,01 0,22 0,010 n.d. 0,018 8 22 100%F
LC:(Mn)+(Nb) HC320LA_VDEh1 0,066 0,01 0,35 0,007 0,043 0,001 11 8 100%F
LC:(Mn)+(Nb) HX340LAD_VDEh1 0,053 0,01 0,75 0,008 0,049 n.d. 11 8 100%F
LC:(Mn)+(Nb+Ti) HX340LAD_ECSC 0,053 0,01 0,63 0,010 0,040 0,011 13 4 97%F+3%P
LC:(Mn)+(Nb+Ti) S380MC_VDEH1 0,069 0,01 0,51 0,004 0,029 0,011 13,5 <4 95%F+5%P
LC:(Si+Mn+P)+(Nb+Ti) HX420LAD_VDEh2 0,066 0,22 1,09 0,015 0,048 0,065 100%F
*: F: ferrite / P: perlite
HSLA
Type Alloying concept Steel grade Microstructure*C Si Mn P
n.d.
Nb Ti
Ferrite
grain size
m
(a)
T Rp0.2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1]
K MPa MPa % %
233 330 416 16,8 32,9 56 47 41 48
296 273 380 16,8 30,4 33 64 17 36 15 34
373 254 348 15,6 22,8 12 33 2 26 6 25
233 458 532 16,6 22,3 41 41 33 47
296 386 463 14,9 23,6 22 40 17 43 16 40
373 373 441 15,4 22,4 5 30 6 20 8 15
233 410 499 16,3 28,1 38 42 27 47 16 49
296 355 432 14,4 26,9 19 40 14 33 16 32
373 332 400 15,0 22,7 5 36 7 23 10 27
HX340LAD_ECSC 296 371 425 18,0 33,1 17 36 17 40 15 34
233 507 545 12,2 25,2 5 57
296 462 497 10,9 20,8 9 32 18 32
373 435 461 10,3 16,1 3 22 10 20 12 22
233 534 620 12,7 16,4 34 21 26 20 23 17
296 501 574 12,7 19,8 13 55 14 45 14 45
373 473 534 12,7 17,2 9 17 6 9 9 10
MPa.log-1(s-1) MPa.log-1(s-1) MPa.log-1(s-1)
S380MC_VDEh1
Steel grade
HX260LAD_VDEh2
HC320LA_VDEh1
HX340LAD_VDEh1
HX420LAD_VDEh2
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
(b)
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Figure 143a and Figure 143b show the dynamic yield and tensile strength of the investigated
HSLA steels at room temperature. The strain rate sensitivity is slightly lowered in the low strain
rate range with increasing yield strength level. HX260LAD shows the highest strain rate sensitivity,
S380MC and HX420LAD the lowest. The strain rate sensitivity of the tensile strength is lower than
for the yield strength.
HSLA steels 296K
Dynamic yield strength
200
300
400
500
600
700
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
R
p 0
,2
, M
Pa
HX420LAD_VDEh2
S380MC_VDEh1
HX340LAD_ECSC
HX340LAD_VDEh1
HC320LA_VDEh1
HX260LAD_VDEh2
HSLA steels 296K
Dynamic tensile strength
200
300
400
500
600
700
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
R
m
, M
Pa
HX420LAD_VDEh2
S380MC_VDEh1
HX340LAD_ECSC
HX340LAD_VDEh1
HC320LA_VDEh1
HX260LAD_VDEh2
(a) (b)
Figure 143: HSLA steels (296K) (a): Dynamic yield strength; (b): Dynamic tensile strength.
Figure 144a and Figure 144b describe the temperature sensitivity of 10(0,002) values in the low
and intermediate strain rate range. In the low strain rate range, the 10 values decrease with
increasing temperature and increasing yield strength (Figure 144a). In the intermediate strain rate
region, a maximum for the strain rate sensitivity is observed at room temperature for HX260LAD
and HX420LAD (Figure 144b). S380MC shows some unusually low strain rate sensitivity at low
temperature.
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Figure 144: HSLA steels: 10 in the low (a) and intermediate (b) strain rate range (296K, =0,002).
Figure 145a and Figure 145b show the room temperature 10 values for the investigated HSLA
steels in the low and intermediate strain rate range. In the low strain rate range, the 10 values
decrease with increasing strength level. The 10 values are quite homogeneous around
15MPa.log-1(s-1) in the low strain rate range and 40MPa.log-1(s-1) in the intermediate strain rate
range. The strength is controlled with Mn, Si and P solid solution elements. The P-alloying amount
increases with increasing strength, the Mn content increases also. Grain refinement is achieved with
Ti and Nb microalloying elements from 20m  to  below  4m with increasing yield strength.
Nevertheless the increasing total amount of solid solution elements correlates well with the
decreasing strain rate sensitivity level.
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Figure 145: HSLA steels: 10 in the low (a) and intermediate (b) strain rate range (296K, =0,002/0,05/0,10).
5.5.7. Dualphase steels
The investigated dualphase steels are given in Table 26a. Cold rolled HCT500X (batch annealed
and hot dip galvanised) as well as hot dip galvanised HCT600XD steels have been investigated,
each twice in different projects. DD33X, hot rolled equivalent to HCT600X, has also been included
in the testing program for comparison purposes together with hot dip galvanised HCT780XD.
All steels are based on a Si, Mn, Cr alloying concept with Mo additions, which is required in order
to produce a ferritic-martensitic microstructure (Table 26a). The grain size is very fine below 10m.
Table 26b shows the numerical values of the calculated 10 values.
Table 26: DP steels (a): Chemical composition; (b): 10 values.
ASTM
LC: (Si/Mn/P+Cr)+(Ti) HCT500X_VDEh1 0,078 0,08 1,50 0,015 0,45 n.d. n.d. 0,024 12 6 88%F+12%M
LC: (Si/Mn/P+Cr+Mo) HXT500XD_ECSC 0,141 0,13 1,42 0,014 0,35 0,195 0,003 0,001 11 8 96%F+3,5%M
LC: (Si/Mn/P+Cr) DD33X_VDEh1 0,067 0,04 0,93 0,042 0,53 - - - 80%F+20%M
LC: (Si/Mn/P+Cr+Mo) HCT600XD_ECSC 0,136 0,13 1,45 0,012 0,25 0,205 0,001 0,001 10,5 10 76%F+5%P+19%M
LC: (Si/Mn/P+Cr) HCT600XD_VDEh2 0,094 0,11 1,52 0,008 0,75 0,015 0,007 0,002 12 6 92%F+8%M
LC: (Si/Mn/P+Cr)+(Ti) HCT780XD_VDEh2 0,155 0,22 2,01 0,011 0,20 0,002 0,005 0,024 93%(F+B)+7%M
*: F: ferrite / M: martensite / B: bainite / P: perlite
Steel gradeAlloying conceptType
Ferrite
grain size Micro
structure*Ti
DP
Mo
n.d.
MnSiC
n.d.
NbCrP
m
(a)
T Rp0.2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1]
K MPa MPa % %
233 398 607 15,9 23,2 27 35 15 23 15 30
296 363 541 15,3 25,0 13 48 2 14 8 18
373 347 495 16,9 23,7 8 45 0 16 6 21
HCT500XD_ECSC 296 343 578 18,4 30,9 13 44 -2 16 2 14
233 434 646 17,0 24,2 23 37 12 38 9 37
296 397 576 16,8 24,9 16 34 3 20 6 20
373 392 534 17,8 21,6 3 24 0 12 3 19
HCT600XD_ECSC 296 358 671 16,2 26,4 12 52 1 27 5 25
233 397 722 13,5 19,6 39 34 21 9 24 16
296 375 676 14,8 20,8 28 91 9 36 12 45
373 356 624 16,1 22,0 14 44 3 5 9 14
233 559 901 12,3 16,0 31 4 16
296 546 830 13,9 17,8 18 29 1 31 4 46
373 530 763 12,9 16,1 10 24 -1 -5 2 12
MPa.log-1(s-1) MPa.log-1(s-1) MPa.log-1(s-1)
Steel grade
HCT500X_VDEh1
DD33X_VDEh1
HCT600XD_VDEh2
HCT780XD_VDEh2
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
(b)
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Figure 146a and Figure 146b show respectively the dynamic yield and tensile strength of the
investigated dualphase steels at room temperature. In opposition to ferritic steels, the slope of yield
stress versus logarithmic strain rate does not necessary decrease with increasing strength level, on
the contrary a significant increase is observed. HCT600XD(VDEh2) and to a lesser extent
HCT780XD(VDEh2) show some remarkably high strain rate sensitivity level, especially
HCT600XD in the intermediate strain rate range. This is true for yield as well as tensile strength.
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Figure 146: DP steels (296K) (a): Dynamic yield strength; (b): Dynamic tensile strength.
Figure 147a and Figure 147b show the temperature dependency of the semi-logarithmic strain rate
sensitivity. Dualphase steels do not follow quite the same temperature pattern as ferritic steels. The
10 values decrease with increasing temperature in the low strain rate range. HCT600X(VDEH2)
shows the highest 10 values, followed by HCT780XD (VDEH2) and DD33X. In the intermediate
strain rate range however the strain rate sensitivity does not necessarily decrease or, if so, rather
slightly with increasing temperature. The differences are less pronounced between the different
steel grades in the intermediate strain rate range. In the intermediate strain rate range,
HCT780XD(VDEh2) shows the lowest 10 values and HCT600XD an abnormally high 10 value
around 90MPa.log-1(s-1). When comparing with 233K and 373K testing results, this 10 value seems
to be much too high. This may be an experimental artefact due to strain gage calibration relative
error. In the low strain rate range, the 10 values can be reliably compared, since no damping or
calibrated strain gage are used. In comparison to HSLA steels, the strain rate sensitivity is generally
less temperature dependent with dualphase steels.
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Figure 147: DP steels: 10 (0,002) vs. temperature in the low (a) and intermediate (b) strain rate range.
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Figure 148a and Figure 148b compare the room temperature 10 values for the investigated
dualphase steels in the low and intermediate strain rate range. The strain rate sensitivity is quite low
when considering not only the yield strength but also the strain rate sensitivity values at 0,05 and
0,10 true plastic strain level. The 10(0,05) and 10(0,10) values are close to 0 or even negative in
the low strain rate range as shown in Figure 148a. This behaviour is not seen for any of the
investigated ferritic steels previously investigated. Even at intermediate strain rate, the 10(0,05) and
10(0,10) values are much lower than the 10(0,002) values. This is an unusual behaviour in
comparison to all previously investigated ferritic steels. Once again the apparent high strain rate
sensitivity in the intermediate strain rate range of HCT600XD(VDEh2) must be relativised, the
10(0,05) and 10(0,10) values reaching a reasonable level around 40MPa.log-1(s-1) compared to
90MPa.log-1(s-1) for 10(0,002). Nevertheless, HCT600XD(VDEh2) shows an overall high strain
rate sensitivity in comparison to all other investigated dualphase steel grades.
A reliable comparison of the strain rate sensitivity behaviour of steel grades must also include the
higher true plastic strain level in order to fully describe the dynamic material behaviour.
Considering the yield strength alone is not enough. Anyway the determination of the yield strength
is quite ambiguous for dualphase steels, because of the very high hardening rate at the beginning of
the flow curve, which increases the uncertainty in the dynamic yield strength measurement in
comparison to a sharp yield point for example.
According to Table 26a, it should be noticed that HCT600XD(VDEh2) is not P-alloyed and shows
only a small percentage of second hard phase (5% martensite) in a ferrite matrix. The low amount
of solid solution elements combined with the almost ferritic microstructure could explain the
especially high strain rate sensitivity values of this particular steel grade in comparison to the other
dualphase steel grades. The HCT600XD(ECSC) dualphase steel has much more hard phase (19%
martensite and 5% perlite) with a slightly higher phosphorous content, and shows a significant
lower strain rate sensitivity than HCT600XD(VDEh2). For dualphase steels therefore, the amount
of hard phase tends to predominate with regards to the strain rate sensitivity behaviour. The higher
the hard phase content, the lower the strain rate sensitivity.
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Figure 148: DP steels 10 in the low (a) and intermediate (b) strain rate range (296K, =0,002/0,05/0,10).
5.5.8. Low alloy TRIP steels
Low alloy TRIP steels HCT600TD(VDEh2), HCT690TD(VDEh1, ECSC) and HCT780T (VDEh2)
have been investigated (Table 27a). All main TRIP low alloying concepts CMnAl, CMnSiAl and
CMnSi are represented.  HCT690TD has been investigated twice in the CMnAl (HCT690TD,
VDEh1) and CMnSiAl (HCT690TD, ECSC) alloying version. Table 27b shows the calculated
strain rate sensitivity 10 values.
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Table 27: Low alloy TRIP steels (a): Chemical composition; (b): 10 values.
ASTM
CMnAl+(P) HCT600TD_VDEh2 0,217 0,04 1,20 0,012 0,001 0,02 0,001 1,44 <0,001 0,003 93%F+7%(M+A)
CMnAl+(P) HCT690TD_VDEh1 0,202 0,05 1,53 0,010 n.d. 0,02 n.d. 1,97 n.d. 0,003 11,5 7 55%F+40%(B+M)+5%A
CMnSiAl+(P/Mo) HCT690TD_ECSC 0,185 0,35 1,66 0,076 0,007 0,02 0,028 1,20 0,003 0,008 11 8 82%F+7%(P+B)+11%A
CMnSi+(P) HCT780T_VDEh2 0,198 1,68 1,67 0,011 0,001 0,02 0,002 0,04 0,004 0,004 80%F+20%(B+M+A)
*: F: ferrite / M: martensite / B: bainite / P: perlite / A: austenite
n.d.
n.d.
Low
alloy
TRIP
Ferrite
grain sizeMo Al Nb Ti Microstructure*Type
Alloying
concept Steel grade C Si Mn P S Cr m
(a)
T Rp0.2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1]
K MPa MPa % %
233 448 741 21,1 26,2 21 n.d. 3 n.d. 4 n.d.
296 432 649 23,8 30,5 14 46 2 34 5 31
373 409 586 18,6 25,2 9 19 2 -5 3 2
233 408 825 16,9 22,5 15 50 -21 37 -10 29
296 420 706 20,1 25,1 10 38 -6 27 0 28
373 398 594 25,3 31,5 9 48 0 23 5 26
HCT690TD_ECSC 296 471 770 24,0 32,6 11 42 0 45 2 35
233 587 907 16,3 20,2 23 n.d. 15 n.d. 23 n.d.
296 565 824 19,9 25,5 21 46 13 31 15 36
373 536 756 18,0 23,1 11 33 3 1 3 10
n.d.: not determined
Steel grade
HCT600TD_VDEh2
HCT690TD_VDEh1
HCT780T_VDEh2
MPa.log-1(s-1) MPa.log-1(s-1) MPa.log-1(s-1)
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
(b)
Figure 149a and Figure 149b illustrate the dynamic yield and tensile strength of the investigated
low alloy TRIP steels at room temperature. HCT780T(VDEh2) shows the highest slope of stress
versus logarithmic strain rate in comparison to other low alloy TRIP steels. The strain rate
sensitivity at low strain rate is quite low, especially for both HCT690TD(ECSC, VDEh1) steel
grades. HCT780T shows a high strain rate sensitivity in the low strain rate range. In the
intermediate strain range, all steels show more or less the same slope versus logarithmic strain rate.
HCT600TD(VDEh2) show some significant higher low strain rate sensitivity than for both
HCT690TD steel grades. CMnAl steel HCT690TD(VDEh1) reaches lower quasistatic and dynamic
yield and tensile strength than CMnAlSi steel HCT690TD(ECSC).
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Figure 149: Low alloy TRIP steels (296K) (a): Dynamic yield strength; (b): Dynamic tensile strength.
Figure 150a and Figure 150b show the temperature sensitivity of the 10(0,002) values for the
investigated low alloy TRIP steels in the low and intermediate strain rate range. Low alloy TRIP
steels show a slight decrease of strain rate sensitivity with increasing temperature in the low strain
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rate range. In the intermediate strain rate range, the dependency is not clearly defined, remaining
rather at a constant level as for HCT690TD(VDEh1). Generally the low strain rate sensitivity values
(Figure 150a) are lower than for previously investigated dualphase steels (Figure 147a) with
comparable strength level. Low alloy TRIP steels are therefore less temperature sensitive in the low
strain rate range than dualphase steels. In the intermediate strain range, dualphase and TRIP steels
show some similar 10 values (Figure 147b, Figure 150b).
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Figure 150: Low alloy TRIP steels 10(0,002) vs. temperature at low (a), intermediate (b) strain rate (296K).
Figure 151a and Figure 151b show the room temperature 10 values of the investigated low alloy
TRIP steels in the low and intermediate strain rate range. As for dualphase steels, the low strain rate
10 values are even negative at 0,05 and 0,10 true plastic strain level in the low strain rate range. In
comparison to dualphase steels, this trend is even more pronounced at similar strength level (Figure
148a, Figure 151a). Only HCT780T steel grade shows some significant positive 10 values even at
higher true plastic strain level.
In the intermediate strain rate range, the strain rate sensitivity is increased between 30 and
40MPa.log-1(s-1), almost independently from the strength level. Considering the higher true plastic
strain levels, low alloy TRIP steels show, contrary to the low strain rate range, some even higher 10
values in comparison to dualphase steels (Figure 148b, Figure 151b)
A correlation exists between the amount of soft ferrite content and the strain rate sensitivity values.
HCT690TD(VDEh1) shows only 55% ferrite, in comparison to HCT690TD(ECSC) with around
80% ferrite. HCT690TD(VDEh1) shows lower 10 values than HCT690TD(ECSC). The important
P-amount for HCT690TD(ECSC) may deteriorate the strain rate sensitivity in comparison to
HCT780T(VDEh2) with comparable high amount of ferrite and less P-alloying.
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Figure 151: Low alloy TRIP steels: 10 at low (a) & intermediate (b) strain rate (296K, =0,002/0,05/0,10).
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5.5.9. Multiphase steels
Hot rolled multiphase steels HDT780C and HDT900C have been investigated and compared to
dualphase HCT780XD and low alloy TRIP steel HCT780T (Table 28a).
Both multiphase steels (also called complexphase steels) show a ferrite, bainitic, martensitic
microstructure, with a dominant proportion of hard phases in comparison to ferrite. Contrary to
dualphase and low alloy TRIP steels, ferrite is not the dominant phase any more in the
microstructure. The alloying concept of multiphase steels is similar as for dualphase steels, with
some higher amount of microalloying elements Nb and Ti. Table 28b shows the numerical values of
the calculated 10 values.
Table 28: Multiphase steels (a): Chemical composition; (b): 10 values.
Type Alloying concept Material C Si Mn P Cr Mo Nb Ti
ASTM
ferrite
grain size
Micro
structure*
Low alloy
TRIP
CMnSi
+(P) HCT780T_VDEh2 0,198 1,68 1,67 0,011 0,02 0,002 0,004 0,004 n.d.
80%F+20%
(B+M+A)
DP LC: (Si/Mn/P+Cr)+(Ti) HCT780XD_VDEh2 0,155 0,22 2,01 0,011 0,20 0,002 0,005 0,024 n.d.
93%(F+B)
+7%M
LC: (Si/Mn+P+Mo)
+(Nb+Ti) HDT780C_VDEh2 0,082 0,38 1,97 0,013 0,05 0,234 0,044 0,117 n.d.
n.d.
(F+M+B)
LC: (Si/Mn/P+Cr)
+(Ti) HDT900C_VDEh1 0,121 0,46 1,93 0,013 0,31 n.d. n.d. 0,160
13,5
(<4      )
35%F+65%
(B+M)
*: F: ferrite / M: martensite / B: bainite / A: austenite
Multiphase
(hot rolled)
m
(a)
T Rp0.2 Rm Ag AL80 [10-3-20s-1 ] [1-200s-1] [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1]
K MPa MPa % %
233 559 901 12,3 16,0 31 4 16
296 546 830 13,9 17,8 18 29 1 31 4 46
373 530 763 12,9 16,1 10 24 -1 -5 2 12
233 587 907 16,3 20,2 23 15 23
296 565 824 19,9 25,5 21 46 13 31 15 36
373 536 756 18,0 23,1 11 33 3 1 3 10
HDT780C_VDEh2 296 811 861 5,7 8,0 3 16 6 28 40
233 930 1010 7,2 8,1 23 30 12 29
296 914 963 8,0 12,1 4 20 6 18
373 879 935 7,4 10,3 0 11 3 20
MPa.log-1(s-1) MPa.log-1(s-1) MPa.log-1(s-1)
Steel grade
HCT780XD_VDEh2
HCT780T_VDEh2
HDT900C_VDEh1
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
 (b)
Figure 152a and Figure 152b show the strain rate dependency of the yield and tensile strength of the
investigated multiphase steels at room temperature. Compared to low alloy TRIP and dualphase
steels, the yield strength of multiphase steels lies much higher and does not show any significant
strain rate sensitivity. The tensile strength behaves approximately the same way for all steels. The
strain rate sensitivity of the tensile strength is almost the same as for the yield strength for
multiphase steels. The yield strength shows for dualphase and low alloy TRIP steels, contrary to
multiphase steels, a significant higher strain rate sensitivity than the tensile strength, as shown
previously in Figure 146 and Figure 149.
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Figure 152: Multiphase steels (296K) (a): Dynamic yield strength; (b): Dynamic tensile strength.
Figure 153a and Figure 153b illustrate the temperature sensitivity of the 10(0,002) values in the
low and intermediate strain rate range. The strain rate sensitivity of multiphase steels is lower than
for dualphase or low alloy TRIP steels at any temperature. The 10(0,002) values are unusually low
for automotive steel grades. They are reduced to almost 0 at 373K in the low strain rate range. In
the intermediate strain rate range, the 10(0,002) values remain between 10 and 30MPa.log-1(s-1) on
a very low level. The strain rate sensitivity decreases with increasing temperature for multiphase
steels for both strain rate ranges.
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Figure 153: Multiphase steels: 10(0,002) vs. temperature in the low (a) & intermediate (b) strain rate range.
Figure 154a and Figure 154b show the room temperature 10 values of multiphase steels at different
true plastic strain in the low and intermediate strain rate range. Once again the very low strain rate
sensitivity level of multiphase steels in both strain rate ranges is highlighted. The chemical
composition of multiphase steels grades is similar to the one of dualphase steels and the grain size is
in both cases very fine. The only factor remaining to explain such strain rate sensitivity differences
should be therefore the amount of hard phases. The multiphase steels show more than 50% hard
phase proportion. This is not the case for dualphase and TRIP steels, which are based on a ferrite
matrix.
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Figure 154: Multiphase steels: 10 values at low (a) & intermediate (b) strain rate (296K, =0,002/0,05/0,10).
5.5.10. High alloy TRIP steels
Three high alloy cold rolled TRIP steels from the metastable austenitic stainless steels category,
namely 1.4301(VDEh1), 1.4318(ECSC) and 1.4376(VDEh1), have been investigated as described
in Table 29a. Their microstructure is austenitic (cubic face centred) with some  ferrite for
1.4376(VDEh1). Only the room temperature dynamic data are available for 1.4318(ECSC).
Table 29b gives the numerical values of the calculated 10 values. Appendix  B1 to Appendix  B8
show more into detail the dynamic mechanical properties, flow curves and flow stress values at
233K, 296K and 373K for the investigated high alloy TRIP steel grades.
Table 29: High alloy TRIP steels (a): Chemical composition; (b,c): 10 values.
ASTM
Standard
(metastable) X5CrNi18-10 1.4301_VDEh1 0,034 0,55 1,22 0,029 18,23 8,11 n.d. n.d. 0,050 8,5 19 100%A
High strength
(unstable)  X2CrNiN18-7 1.4318_ECSC 0,024 0,54 1,67 0,026 17,41 6,57 0,220 0,150 0,102 10,5 10 100%A
High alloyed
Mn+N X8CrMnNi19-6-3 1.4376_VDEh1 0,050 0,40 6,54 0,021 18,15 3,99 n.d. n.d. 0,151 9,5 13
5%
+95%A
*: A: austenite     :      ferrite
Austenite
grain size Micro-
structure*
Type:
High alloy
TRIP steel
Alloying concept
austenitic
stainless
Steel grade C Si Mn P Cr Ni Mo Cu N
m


(a)
T Rp0 .2 Rm Ag AL80
K MPa MPa % %
233 379 1068 34,6 35,6 16 22 29 8 -44 -89 -96
296 326 693 50,9 55,0 14 11 10 9 7 5 3
373 267 552 44,9 52,3 15 10 6 4 4 6 9
1.4318_ECSC 296 326 963 34,9 44,1 26 24 29 4 -39 -67 -73
233 585 1190 39,4 40,0 35 36 43 39 5 -43 -75
296 449 776 45,4 50,5 28 31 28 25 23 21 20
373 355 645 41,5 47,7 28 28 25 21 19 18 20
1.4301_VDEh1
1.4376_VDEh1
 [10-3-20s-1]; MPa.log-1(s-1)
Steel grade
)05,0(10 )10,0(10 )15,0(1 0 )20,0(10 )25,0(1 0 )30,0(10)002,0(10
(b)
T Rp0.2 Rm Ag AL8 0
K MPa MPa % %
233 379 1068 34,6 35,6 42 12 30 29 21 16 12
296 326 693 50,9 55,0 41 20 26 28 30 30 32
373 267 552 44,9 52,3 51 29 30 32 31 31 30
1.4318_ECSC 296 326 963 34,9 44,1 41 28 30 37 42 45 48
233 585 1190 39,4 40,0 35 50 51 48 40 34 28
296 449 776 45,4 50,5 50 41 42 39 36 36 35
373 355 645 41,5 47,7 70 53 54 56 56 56 57
Steel grade
[1-200s-1]; MPa.log-1(s-1)
1.4301_VDEh1
1.4376_VDEh1
)002,0(10 )05,0(10 )10,0(10 )15,0(10 )2 0,0(1 0 )25,0(10 )30,0(10
(c)
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Figure 155a and Figure 155b show the dynamic yield and tensile strength of the investigated high
alloy TRIP steels at 233K, 296K and 373K. The yield strength shows a positive strain rate
sensitivity for all three temperatures at all strain rates. The tensile strength however decreases
significantly in comparison with the quasistatic value with increasing strain rate at 233K for all
three steel grades and even at 296K for the metastable 1.4318(ECSC) (Figure 155b). The tensile
strength decrease is stopped at around 1s-1, except for 1.4301 at 233K for which a continuous
decrease of tensile strength is observed up to 200s-1. The tensile strength decrease amounts to 26%,
19% and 17% respectively for 1.4318(ECSC), 1.4376(VDEh2) and 1.4301(VDEh1). This
behaviour is associated with a negative strain rate sensitivity at higher true plastic strain above 0,10.
In each case, the quasistatic tensile strength is higher than any dynamic tensile strength recorded at
higher strain rates. If recovered, the positive strain rate sensitivity in the intermediate strain rate
range above 1s-1 does not compensate for the tensile strength softening in the lower strain rate range
(Figure 155b).
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Figure 155: High alloy TRIP steels. Dynamic yield strength (a) & tensile strength (b) (233/296/373K).
Figure 156a shows for 1.4318(ECSC) a pronounced sigmoid shape of the low strain rate flow
curves below 1s-1. At higher strain rate, the flow curves do not show any significant TRIP induced
additional strain hardening at high strain. The dynamic flow curves show in the intermediate strain
range the usual positive strain rate sensitivity (Figure 156b).
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Figure 156: High alloy TRIP steel 1.4318 (ECSC) (296K). Dynamic flow curves (a) and flow stress (b).
Figure 157a and Figure 157b show the 10 values in the low and intermediate strain rate range at
room temperature at true plastic strain from 0,002 up to 0,30. When considering true plastic strain
below 0,10, no negative strain rate sensitivity can be observed for any strain rate range.
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1.4301(VDEh1) steel shows the lowest strain rate sensitivity values in comparison to
1.4318(ECSC) and 1.4376(VDEh1), which both show similar strain rate sensitivity levels. In the
intermediate strain rate range, the 10 differences are not so marked as in the low strain rate range.
When considering the high true plastic strain values at room temperature, it is obvious that only
1.4318(ECSC) shows some deeply negative 10 values in the low strain rate range at true plastic
strain above 0,15 (Figure 157a), but positive 10 values at any strain level in the intermediate strain
rate range (Figure 157b).
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Figure 157: High alloy TRIP steels: 10 value at low (a) & intermediate (b) strain rate (296K, =0,002-0,30).
Figure 158a and Figure 158b show respectively the 10 values in the low and intermediate strain
rate range at 233K, 296K and 373K. The 10 values are plotted continuously versus the true  plastic
strain up to uniform elongation. In the low strain rate range (Figure 158a) the 10 values become
negative at true plastic strain above 0,15 for 1.4301(VDEh1) and 1.4318(ECSC). The strain rate
sensitivity of 1.4376(VDEh1) is higher than for 1.4301(VDEh1) and the shift into negative 10
values occurs later above 0,20 true plastic strain. The intermediate strain rate 10 values are positive,
except for 1.4301(VDEh1) above 0,40 true plastic strain (Figure 158b).
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Figure 158: High alloy TRIP steels, 10 vs. plastic strain, low(a)& intermediate (b) strain rate(233/296/373K).
Figure 159a and Figure 159b show the temperature dependency of the 10(0,002) values in the low
and intermediate strain rate range. Almost no decrease of strain rate sensitivity with increasing
temperature is observed in the low strain rate range. In the intermediate strain rate range, there is
even an increase of 10 with increasing temperature. This is in opposition to the behaviour of ferritic
steels, which show a more or less pronounced decrease of strain rate sensitivity with increasing
temperature. In the yield strength region, the TRIP effect does not influence the usual dynamic
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hardening yet, and the dynamic behaviour of the fully austenitic microstructure, without martensite
transformation or dynamic adiabatic softening effects, can be analysed separately.
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Figure 159: High alloy TRIP steels: 10(0,002) value vs. temperature at low (a) & intermediate (b) strain rate.
5.6. Influence of bake hardening on strain rate sensitivity
Bake hardening steel grades HC180B and HC260B from VDEh1 project have been investigated in
the as delivered and bake hardened condition (170°C, 20mn) without pre-straining at 233K, 296K
and 373K (Table 30). Available dynamic data in the intermediate strain rate range [1-200s-1] have
been considered.
The average strain rate sensitivity values have been calculated with the least square linear method
as described before, considering all available experimental flow curves between 1 and 200s-1. The
corresponding numerical results are listed in Appendix A9.
Table 30: Investigated bake hardened conditions, dynamic testing (VDEh1).
Project Material Dynamic testingdirection
as
delivered
170°C,
20mn T (K)
HC180B 90° x x 233, 296, 373
HC260B 90° x x 233, 296, 373
X: tested
VDEh1
Figure 160 and Figure 161 show the dynamic yield and tensile strength of HC180B and HC260B
steels respectively at 233/296/373K for the as delivered and bake hardened conditions.
No significant differences in the strain rate sensitivity behaviour of the bake hardened condition in
comparison to the as delivered condition can be observed for any temperature considered.
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Figure 160: Dynamic yield and tensile strength vs. strain rate for HC180B steel grade with/without bake
hardening at 233/296/373K. (a): Rp0,2 or ReL; (b): Rm.
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Figure 161: Dynamic yield and tensile strength vs. strain rate for HC260B steel grade with/without bake
hardening at 233/296/373K. (a): Rp0,2 or ReL; (b): Rm.
Figure 162 and Figure 163 show the intermediate strain rate semi-logarithmic and logarithmic strain
rate sensitivity 10 and m versus true plastic strain for HC180B and HC260B steels at
233/296/373K in the as delivered and bake hardened conditions. Both 10 and m values show a
similar behaviour. Almost no differences between as delivered and bake hardened conditions can be
observed for any true plastic strain considered. For HC260B the bake hardened condition may be
slightly more strain rate sensitive than the as delivered condition at 296K and 373K but not at 233K.
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Figure 162: Strain rate sensitivity vs. true plastic strain for HC180B steel grade with/without bake hardening
at 233/296/373K in the intermediate strain rate range. (a): 10; (b): m.
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Figure 163: Strain rate sensitivity vs. true plastic strain for HC260B steel grade with/without bake hardening
at 233/296/373K in the intermediate strain rate range. (a): 10; (b): m.
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Figure 164 shows the intermediate 10(0,002) and m(0,002) values for HC180B and HC260B steel
grades at 233, 296 and 373K for the as delivered and bake hardened conditions. As already seen in
Figure 160a and Figure 161a, some significant influence of bake hardening alone (without pre-
straining) on the strain rate sensitivity of yield strength cannot be recognised in the intermediate
strain rate range [1-200s-1].
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Figure 164: Strain rate sensitivity of yield strength (=0,002) for HC180B and HC260B steel grades
with/without bake hardening at 233/296/373K in the intermediate strain rate range. (a): 10; (b): m.
5.7. Influence of pre-strain without bake hardening on strain rate sensitivity
5.7.1. 5% biaxial, 10% uniaxial and 10% plane strain pre-straining
In the following chapter, the influence of different pre-straining states at around 10% equivalent
true plastic strain on the strain rate sensitivity has been investigated without bake hardening heat
treatment for crash application. As described in chapter 4.3, structural steel S235, microalloyed
HX340LAD, dualphase HCT600XD, low alloy TRIP steel HCT690TD and high alloy TRIP steel
1.4318 have been included in this investigation. Table 31 summarises the pre-straining conditions,
as previously described in chapter 4.3.2. All steel grades have been tested at room temperature
(296K).
Table 31: Investigated pre-strained conditions, dynamic testing (ECSC).
Project Material asdelivered 5% biaxial 10% uniaxial 10% plane strain
- 90° 90° 90°
90° 90° 90° 90°
S235 x x x x
HX340LAD x x x x
HCT600XD x x x x
HCT690TD x x x x
1.4318 x x x x
X: tested / -: not tested
ECSC
Prestraining direction
Dynamic testing direction
The numerical values of calculated strain rate sensitivity 10 and m values in the low, intermediate
and high strain rate range are given in Appendix A10 to Appendix A12.
The following chapter is structured as follows for each steel grade investigated. Figures (a) and (b)
show the experimental dynamic yield and tensile strength for the different pre-straining conditions.
Figures (c) and (d) show respectively the semi-logarithmic 10 and logarithmic m strain rate
sensitivity of the yield strength in the low, intermediate and high strain rate range for all
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pre-straining conditions. Figures (e), (f) and (g) show respectively the semi-logarithmic strain rate
sensitivity 10 versus true plastic strain in the low, intermediate and high strain rate range for all
pre-straining conditions.
The low and intermediate strain rate sensitivity has been determined, based exclusively on IEHK
servohydraulic data. The high strain rate sensitivity has been determined with all available dynamic
data above 200s-1, including both servohydraulic and Split-Hopkinson data.
It should be noticed that, except for 1.4318 steel grade, the ductility is strongly reduced at this level
of pre-straining for all investigated steel grades [23]. Additionally, early necking occurs due to
dynamic adiabatic plastic flow localisation. Since the flow curves are determined only up to
uniform elongation values, the strain rate sensitivity of pre-strained material can be investigated at
the most only up to 0,03-0,04 true plastic strain.
In general, the transition between servohydraulic and Split-Hopkinson dynamic data at around
200-300s-1 may introduce some experimental stress scattering, affecting the high strain rate
sensitivity. Only two replicates for each strain rate level have been tested, which could increase the
experimental scattering. So that some eventual fluctuations may be introduced in the experimental
results, which interpretation has to be considered with caution, especially when considering derived
values such as the strain rate sensitivity. Nevertheless general trends can be determined, given the
large amount of available data in a wide strain rate range.
+ S235
The increase of yield strength for S235 is considerable between the base material and the
pre-strained conditions, as for all other steels investigated. There is also no significant differences in
the dynamic yield strength values between all pre-strained states, as shown in Figure 165. The slope
of yield strength or tensile strength versus logarithmic strain rate is not much affected by
pre-straining in comparison to the as delivered material.
Figure 166 shows a slight decrease of 10 and m values at 0,002 plastic strain with pre-straining.
Figure 167 shows a decrease in strain rate sensitivity 10 between base material and the pre-strained
conditions, which is mostly seen in the low strain rate range. In the higher strain rate region, there is
almost no more differences in the strain rate sensitivity behaviour.
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Figure 165: Dynamic yield and tensile strength vs. strain rate for S235 (ECSC) steel grade.
Influence of uniaxial, biaxial, plane strain pre-straining (a): Yield strength; (b): Tensile strength.
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Figure 166: Semi-log. (c) and log. (d) strain rate sensitivity in the low, intermediate and high strain rate
range S235 (ECSC). Base material, uniaxial, biaxial, plane strain pre-straining (=0,002).
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Figure 167: Semi-log. strain rate sensitivity vs. true plastic strain in the low (e), intermediate (f) and high (g)
strain rate range S235 (ECSC). Base material, uniaxial, biaxial and plane strain pre-straining.
+ HX340LAD
Microalloyed steel HX340LAD shows a similar strain rate behaviour as S235 steel grade with
regards to pre-straining. Figure 168 shows a relatively parallel increase of yield and tensile strength
with increasing strain rate for all conditions. This indicates a fairly constant semi-logarithmic 10
strain rate sensitivity, as confirmed in Figure 169. Almost no influence of pre-straining on 10
values can be observed, whatever the strain rate range or strain level considered (Figure 170).
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Figure 168: Dynamic yield and tensile strength vs. strain rate, HX340LAD (ECSC) steel grade. Influence of
uniaxial, biaxial, plane strain pre-straining (a): Yield strength; (b): Tensile strength.
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Figure 169: Semi-log. (c) and log. (d) strain rate sensitivity in the low, intermediate & high strain rate range
HX340LAD (ECSC). Base material, uniaxial, biaxial and plane strain pre-straining (=0,002).
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Figure 170: Semi-log. strain rate sensitivity vs. true plastic strain in the low (e), intermediate (f) & high (g)
strain rate range HX340LAD (ECSC). Base material, uniaxial, biaxial, plane strain pre-straining.
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+ HCT600XD
Steel grade HCT600XD shows a rather flat slope of yield and tensile strength versus logarithmic
strain rate in the low strain rate range for base material as well as pre-strained conditions. At higher
strain rate, the increase of flow stress is however much more pronounced than for S235 or
HX340LAD steels for both as delivered and pre-strained conditions (Figure 171). Apart from
experimental scattering, a clear dependency of the strain rate sensitivity with pre-straining cannot be
identified (Figure 172).
When considering the strain dependency of the strain rate sensitivity, the pre-strained condition
shows an higher strain rate sensitivity than the base material in the low and high strain rate range,
but not in the intermediate strain rate range (Figure 173).
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Figure 171: Dynamic yield and tensile strength vs. strain rate, HCT600XD (ECSC) steel grade. Influence of
uniaxial, biaxial, plane strain pre-straining (a): Yield strength; (b): Tensile strength.
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Figure 172: Semi-log. (c) and log. (d) strain rate sensitivity in the low, intermediate and high strain rate range
HCT600XD. Base material, uniaxial, biaxial and plane strain pre-straining (=0,002).
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Figure 173: Semi-log. strain rate sensitivity vs. true plastic strain in the low (e), intermediate (f) & high (g)
strain rate range HCT600XD (ECSC). Base material, uniaxial, biaxial, plane strain pre-strain.
+ HCT690TD
Low alloy TRIP steel HCT690TD shows a strong increase of yield strength between the
as delivered and pre-strained conditions. Almost no differences can be found in the yield strength
for all pre-strained conditions (Figure 174a).
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Figure 174: Dynamic yield and tensile strength vs. strain rate HCT690TD (ECSC) steel grade. Influence of
uniaxial, biaxial, plane strain pre-straining (a): Yield strength; (b): Tensile strength.
In a first approximation, the dynamic yield and tensile strength increase almost the same way
(Figure 174). In the low and high strain rate range, the 10 values increase with pre-straining. An
opposite behaviour is observed in the intermediate strain rate range (Figure 175, Figure 176). This
contradictory behaviour should be rather explained based on statistical experimental scattering than
on some real physical effect.
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Figure 175: Semi-log. (c) and log. (d) strain rate sensitivity in the low, intermediate and high strain rate range
HCT690TD (ECSC). Base material, uniaxial, biaxial and plane strain pre-straining (=0,002).
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Figure 176: 10 vs. true plastic strain in the low (e), intermediate (f) & high (g) strain rate range
HCT690TD (ECSC). Base material, uniaxial, biaxial, plane strain pre-straining.
+ 1.4318
Austenitic high alloy TRIP steel 1.4318 has also been investigated for comparison purposes with
previously investigated ferritic steel grades. The yield strength increases gradually with increasing
pre-straining level, contrary to ferritic steel grades for which all pre-strained conditions are
regrouped at nearly the same level for yield strength. The strength level of austenitic steels can be
precisely adjusted with controlled preliminary cold work [197]. The yield strength increases the
same way with increasing strain rate for base material or pre-strained conditions
(Figure 177a, Figure 178).
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Figure 177: Dynamic yield and tensile strength vs. strain rate, 1.4318 (ECSC) steel grade. Influence of
uniaxial, biaxial and plane strain pre-straining (a): Yield strength; (b): Tensile strength.
The tensile strength however shows a negative strain rate dependency for the as delivered and pre-
strained conditions in the low strain rate range (Figure 177b, Figure 179e). The dynamic tensile
strength is lower for any condition and strain rate than in the quasistatic configuration, reaching a
minimum at around 1s-1. With increasing equivalent pre-straining, the drop in tensile strength
values is less pronounced (Figure 177b). This stress softening behaviour has been already
mentioned in chapter 5.5.10 for the base material, and is found in a weaker form for the pre-strained
conditions.
There is also some significant effect of pre-straining condition on the strain rate sensitivity in the
low strain rate range for 1.4318 steel grade. The 10% uniaxial pre-strained condition shows the
lowest negative strain rate sensitivity. 5% biaxial and 10% plane strain conditions have some
similar effect on the strain rate sensitivity (Figure 179e).
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Figure 178: Semi-log. (c) and log. (d) strain rate sensitivity in the low, intermediate and high strain rate range
1.4318 (ECSC). Base material, uniaxial, biaxial and plane strain pre-straining (=0,002).
In the intermediate and high strain rate range, the strain rate sensitivity is however positive similar
to previously investigated steels. There is almost no differences in the strain rate sensitivity value
between base material and pre-strained conditions in the intermediate and high strain rate range
(Figure 179f-g).
Contrary to the other ferritic steel grades investigated, the pre-straining has some clear influence on
the strain rate sensitivity for 1.4318 steel grade. This is however a particular case connected to the
TRIP effect in a metastable austenitic microstructure, as discussed later on in the discussion part.
There is indeed a strong interaction between pre-straining, adiabatic heating and the TRIP ; < ’
phase microstructure transformation.
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Figure 179: Semi-log. strain rate sensitivity vs. true plastic strain in the low (e), intermediate (f) and high (g)
strain rate range 1.4318 (ECSC). Base material, uniaxial, biaxial, plane strain pre-straining.
5.7.2. [0,5%, 1,5%] and [-0,5%, 3%] pre-strain
Outer panel automotive thin steels such as isotropic HC220i, bake hardening HX220BD, P-alloyed
HC220PD and dualphase HCT500XD steel grades have been investigated. Table 32 summarises the
pre-straining conditions, as previously described in chapter 4.3.2.
Similar pre-strain levels as for outer door automotive panels with or without counterpunch have
been reproduced with Marciniak samples at two pre-straining [2, 1] levels, respectively
[0,5%, 1,5%] and [-0,5%, 3%]. The investigations have been performed at room temperature
without bake hardening heat treatment. More detailed information can be found in [23].
Table 32: Investigated pre-strained conditions, dynamic testing (ECSC) [23].
Project Material as delivered
- 90° 90°
90° 90° 90°
HC220i x x x
HX220BD x x x
HX220PD x x x
HCT500XD x x x
X: tested
ECSC
Prestraining direction
Dynamic testing direction
032,0
%3
%5,0
,1
,2



Mises
gengineerin
gengineerin



021,0
%5,1
%5,0
,1
,2



Mises
gengineerin
gengineerin



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[0,5%, 1,5%] and [-0,5%, 3%] pre-strained conditions correspond respectively to around 0,021 and
0,032 equivalent Mises pre-strain (Table 32), which is rather low in comparison to the previously
investigated 10% pre-strained conditions in chapter 5.7.1. This small pre-strain level is found
mostly for outer door panels, which are optimised with regard to their denting properties.
It is of interest to show the influence of such relatively small pre-straining on the subsequent strain
rate sensitivity. This is relevant when considering dynamic hail or stone impact on previously outer
panel components (fenders, hood).
The numerical values for the strain rate sensitivity 10 and m values in the low and intermediate
strain rate range are given in Appendix A13 and Appendix A14.
Following chapter is structured similar to chapter 5.7.1 as follows for each steel grade investigated.
Figures (a) and (b) show the experimental dynamic yield and tensile strength for the different pre-
straining conditions. Figures (c) and (d) show respectively the semi-logarithmic and logarithmic
strain rate sensitivity (10 and m) of the yield strength in the low and intermediate strain rate range
for as delivered and pre-strained conditions. Figures (e) and (f) show respectively the semi-
logarithmic strain rate sensitivity 10 versus true plastic strain in the low and intermediate strain rate
range for the as delivered and pre-strained conditions.
Pre-strained and as delivered conditions have been tested the same way up to 200s-1 with IEHK
servohydraulic dynamic tensile testing machines. Split-Hopkinson data at 1000s-1 have been plotted
for the as delivered condition as additional information, but will not be used for strain rate
sensitivity comparisons.
+ HC220i
As shown in Figure 180, the yield strength, and the tensile strength in a lower extent, increases with
increasing equivalent pre-strain for HC220i steel grade. The yield and tensile strength for the
[0,5%, 1,5%] condition is higher than for the as delivered condition but lower than for the
[-0,5%, 3%] condition.
200
300
400
500
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
Yi
el
d 
st
re
ng
th
 R
p 0
,2
, M
Pa
base material
0,5% / 1,5%
-0,5% / 3%
HC220i_ECSC
200
300
400
500
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
Te
ns
ile
 s
tr
en
gt
h,
 M
Pa
base material
0,5% / 1,5%
-0,5% / 3%
HC220i_ECSC
(a) (b)
Figure 180: Dynamic yield and tensile strength vs. strain rate for HC220i steel grade.  As delivered,
[0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions. (a):Yield strength; (b):Tensile strength.
Figure 181 shows a decrease of the semi logarithmic and logarithmic strain rate sensitivity of yield
strength with increasing equivalent pre-strain, both in the low and intermediate strain rate range.
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Figure 181: Semi-log. (c) and log. (d) strain rate sensitivity in the low and intermediate strain rate range
HC220i. As delivered, [0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions (=0,002).
Figure 182 considers the strain dependency of the strain rate sensitivity 10 and relativises the
previous strain rate sensitivity results, which have been obtained based on the yield strength alone.
At a true plastic strain over 0,05, the differences in 10 values between as delivered and pre-strained
conditions disappear. No clear influence of pre-straining on the strain rate sensitivity 10 can then be
observed at higher strain level for HC220i steel grade.
HC220i_ECSC
10 [10-3-20s-1], 296K
0
20
40
60
0,00 0,05 0,10 0,15 0,20
True plastic strain, -
 1
0, 
M
Pa
.lo
g-
1 (
s-
1 )
Base material
-0,5% / 3%
0,5% / 1,5%
HC220i_ECSC
10 [1-200s-1], 296K
0
20
40
60
0,00 0,05 0,10 0,15 0,20
True plastic strain, -
 1
0, 
M
Pa
.lo
g-
1 (
s-
1 )
Base material
-0,5% / 3%
0,5% / 1,5%
(e) (f)
Figure 182: Semi-log. strain rate sensitivity vs. true plastic strain in the low (e) and intermediate (f) strain
rate range HC220i. As delivered, [0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions.
+ HX220BD
HX220BD steel grade shows similar results as for HC220i steel grade. The yield strength increases
quite strongly with increasing equivalent pre-strain (Figure 183a). This increase is not that
pronounced for the tensile strength (Figure 183b). The strain rate sensitivity of yield strength is
lower in the pre-strained than in the as delivered conditions, as seen in Figure 183a. Figure 184
confirms the lower yield strength strain rate sensitivity of pre-strained conditions, both in the low
and intermediate strain rate range.
Above 0,05 true plastic strain, the strain rate sensitivity values converge together for both as
delivered and pre-strained conditions (Figure 185). No significant influence of pre-straining on
strain rate sensitivity can be observed anymore at higher strain level, as for HC220i steel grade.
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Figure 183: Dynamic yield and tensile strength vs. strain rate for HX220BD steel grade.  As delivered,
[0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions. (a): Yield strength; (b): Tensile strength.
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Figure 184: Semi-log. (c) and log. (d) strain rate sensitivity in the low and intermediate strain rate range
HX220BD. As delivered, [0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions (=0,002).
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Figure 185: Semi-log. strain rate sensitivity vs. true plastic strain in the low (e) and intermediate (f) strain rate
range HX220BD. As delivered, [0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions.
+ HX220PD
The behaviour of HX220PD steel grade is quite similar as for HC220i and HX220BD steel grades.
The yield strength level increases with increasing pre-strain (Figure 186a). The strain rate
sensitivity of yield strength decreases with increasing pre-strain both for low and intermediate strain
rate range (Figure 186a, Figure 187). The strain rate sensitivity of the tensile strength however
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rather increases with increasing pre-strain (Figure 186b), as seen for HX220BD in Figure 183b.
Following trend can be observed according to Figure 188. At low true plastic strain level, the strain
rate sensitivity decreases with increasing pre-strain. At higher true plastic strain level however, the
strain rate sensitivity increases with pre-straining in comparison to the as delivered condition. This
shows that the strain rate sensitivity effects cannot be evaluated by considering the yield strength
alone.
200
300
400
500
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
Yi
el
d 
st
re
ng
th
 R
p 0
,2
, M
Pa
base material
0,5% / 1,5%
-0,5% / 3%
HX220PD_ECSC
200
300
400
500
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
Te
ns
ile
 s
tr
en
gt
h,
 M
Pa
base material
0,5% / 1,5%
-0,5% / 3%
HX220PD_ECSC
(a) (b)
Figure 186: Dynamic yield and tensile strength vs. strain rate for HX220PD steel grade. As delivered,
[0,5%,1,5%] & [-0,5%,3%] pre-strained conditions.(a): Yield strength; (b): Tensile strength.
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Figure 187: Semi-log. (c) and log. (d) strain rate sensitivity in the low and intermediate strain rate range
HX220PD. As delivered, [0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions (=0,002).
HX220PD_ECSC
10 [10-3-20s-1], 296K
0
20
40
60
0,00 0,05 0,10 0,15 0,20
True plastic strain, -
 1
0, 
M
Pa
.lo
g-
1 (
s-
1 )
Base material
-0,5% / 3%
0,5% / 1,5%
HX220PD_ECSC
10 [1-200s-1], 296K
0
20
40
60
0,00 0,05 0,10 0,15 0,20
True plastic strain, -
 1
0, 
M
Pa
.lo
g-
1 (
s-
1 )
Base material
-0,5% / 3%
0,5% / 1,5%
(e) (f)
Figure 188: Semi-log. strain rate sensitivity vs. true plastic strain in the low (e) and intermediate (f) strain
rate range HX220PD. As delivered, [0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions.
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+ HCT500XD
A slightly different strain rate sensitivity behaviour is observed for dualphase steel grade
HCT500XD, in comparison to previously investigated HC220i, HX220BD and HX220PD steel
grades. HCT500XD does not show such a pronounced decrease of strain rate sensitivity for the
yield strength with increasing pre-strain (Figure 189a, Figure 190). When considering the tensile
strength, an increase of strain rate sensitivity is rather observed (Figure 189b), as observed
previously for HX220BD and HX220PD steel grades.
At higher true plastic strain level, the strain rate sensitivity increases with increasing pre-strain level
in the low and intermediate strain rate range (Figure 191). This increase is significant, especially in
the intermediate strain rate range (Figure 191f). HCT500XD steel grade shows therefore little pre-
straining influence on the yield strength strain rate sensitivity and some significant increase of strain
rate sensitivity with increasing pre-strain at high strain level.
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Figure 189: Dynamic yield and tensile strength vs. strain rate for HCT500XD steel. As delivered,
[0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions. (a): Yield strength; (b): Tensile strength.
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Figure 190: Semi-log. (c) and log. (d) strain rate sensitivity in the low and intermediate strain rate range
HCT500XD. As delivered, [0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions (=0,002).
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Figure 191: Semi-log. strain rate sensitivity vs. true plastic strain in the low (e) and intermediate (f) strain rate
range HCT500XD. As delivered, [0,5%, 1,5%] & [-0,5%, 3%] pre-strained conditions.
5.8. Influence of pre-strain with bake hardening on strain rate sensitivity
In the following chapter, the influence of uniaxial pre-straining on the strain rate sensitivity has
been investigated at 2% and 10% (engineering) pre-strain level, transverse and longitudinal to
rolling direction, with subsequent bake hardening heat treatment at 170°C for 20mn. The
intermediate strain rate sensitivity has been determined at room temperature, based on available
IEHK servohydraulic data in the intermediate strain rate range [1-200s-1]. Table 33 summarises the
pre-straining conditions, as previously described in chapter 4.3.2.
Table 33: Investigated uniaxial pre-strained conditions, dynamic testing (VDEH1, VDEh2).
Project Material asdelivered
2% uniaxial
+170°C_20mn
2% uniaxial
+170°C_20mn
10% uniaxial
+170°C_20mn
10% uniaxial
+170°C_20mn
- 0° 90° 0° 90°
90° 90° 90° 90° 90°
HC180B x - x x x
HC260i x - x x x
HC320LA x - x x x
HCT500X x - x x x
HDT900TD x x - - -
HX300BD x x x x x
HCT780XD x x x x x
X: tested / -: not tested
VDEh1
VDEh2
Prestraining direction
Dynamic testing direction
HC180B, HC260i, HC320LA, HCT500X and HDT900C steels from VDEh1 project as well as
HX300BD and HCT780XD steels from VDEh2 project have been included in this investigation.
The strain rate sensitivity values 10 and m in the intermediate strain rate range at 0,002, 0,05 and
0,10 true plastic strain are given in Appendix A15.
The following chapter is structured the same way for each steel grade, similar to previous chapter.
Figures (a) and (b) show the experimental dynamic yield and tensile strength versus strain rate for
the different pre-straining conditions. Figures (c) and (d) show the semi-logarithmic and logarithmic
strain rate sensitivity 10 and m versus true plastic strain in the intermediate strain rate range for all
pre-straining conditions. Figures (e) and (f) show the intermediate 10 and m values at 0,002, 0,05
and 0,10 true plastic strain for all pre-straining conditions.
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+ HC180B
HC180B shows some decrease of strain rate sensitivity with increasing uniaxial pre-straining
(Figure 192). 2% transverse pre-strained condition shows almost no influence on the strain rate
sensitivity in comparison to the as delivered material. 10% uniaxial transverse or longitudinal pre-
strained conditions show a lower strain rate sensitivity than as delivered and 2% pre-strained
conditions (Figure 193, Figure 194). Transverse and longitudinal pre-straining deliver similar strain
rate sensitivity after 10% pre-straining (Figure 193).
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Figure 192: Dynamic yield (a) and tensile strength (b) vs. strain rate for HC180B (VDEh1) steel grade.
Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 193: Semi-logarithmic (c) and logarithmic (d) strain rate sensitivity vs. true plastic strain for HC180B
(VDEh1) steel grade. Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 194: Strain rate sensitivity at 0,002/0,05/0,10 true plastic strain HC180B (VDEh1).
(e): Semi-logarithmic strain rate sensitivity; (f): Logarithmic strain rate sensitivity.
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+ HC260i
HC260i steel grade shows some decrease of strain rate sensitivity with increasing uniaxial pre-
straining (Figure 195). 2% and 10% uniaxial pre-straining have nearly the same influence on the
strain rate sensitivity (Figure 196, Figure 197). The pre-straining direction (transverse or
longitudinal) has no significant influence on the strain rate sensitivity at 10% pre-straining level.
The strain rate sensitivity shows almost no strain dependency, as shown in Figure 196 and
Figure 197.
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Figure 195: Dynamic yield (a) and tensile (b) strength vs. strain rate for HC260i (VDEh1) steel grade.
Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 196: Semi-logarithmic (c) and logarithmic (d) strain rate sensitivity vs. true plastic strain for HC260i
(VDEh1) steel grade. Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 197: Strain rate sensitivity at 0,002/0,05/0,10 true plastic strain HC260i (VDEh1).
(e): Semi-logarithmic strain rate sensitivity; (f): Logarithmic strain rate sensitivity.
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+ HX300BD
HX300BD steel grade shows an increase of yield strength with increasing pre-straining level.
Longitudinal pre-straining brings a lower increase of yield strength in comparison to transverse pre-
straining at each pre-straining level (Figure 198a). The differences are not so pronounced for the
dynamic tensile strength (Figure 198b).
HX300BD shows, contrary to previously investigated steels (HC180B, HC260i), an increase of
strain rate sensitivity at 2% and 10% pre-straining, in comparison to the as delivered condition. 2%
transverse and 2% longitudinal pre-strained conditions behave the same way. The 10% transverse
pre-strained condition shows a lower strain rate sensitivity than for the 10% longitudinal pre-
strained condition (Figure 199, Figure 200).
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Figure 198: Dynamic yield (a) and tensile (b) strength vs. strain rate for HX300BD (VDEh2). Influence of
uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 199: Semi-logarithmic (c) and logarithmic (d) strain rate sensitivity vs. true plastic strain for
HX300BD (VDEh2). Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 200: Strain rate sensitivity at 0,002/0,05/0,10 true plastic strain HX300BD (VDEh2).
(e): Semi-logarithmic strain rate sensitivity; (f): Logarithmic strain rate sensitivity.
+ HC320LA
As for the previously investigated steel grades, an increase of yield and tensile strength with
increasing pre-strain is observed for HC320LA. The yield strength in the 10% transverse and 10%
longitudinal pre-straining conditions reaches almost the same level (Figure 201). HC320LA shows
a decrease of strain rate sensitivity with increasing pre-strain, similar to HC180B and HC260i steel
grades (Figure 202, Figure 203). The strain rate sensitivity shows almost no strain dependency in
the as delivered and pre-strained conditions (Figure 202).
HC320LA_VDEh1, 296K
Dynamic yield strength
350
450
550
650
750
0,001 0,01 0,1 1 10 100 1000
Strain rate, s-1
R
p 0
,2
 o
r R
eL
, M
Pa
0% (base material)
2% Transverse + 170°C_20mn
10% Transverse + 170°C_20mn
10% Longitudinal + 170°C_20mn
HC320LA_VDEh1, 296K
Dynamic tensile strength
350
450
550
650
750
0,001 0,01 0,1 1 10 100 1000
Strain rate, s-1
R
m
, M
Pa
0% (base material)
2% Transverse + 170°C_20mn
10% Transverse + 170°C_20mn
10% Longitudinal + 170°C_20mn
(a) (b)
Figure 201: Dynamic yield (a) and tensile (b) strength vs. strain rate for HC320LA (VDEh1). Influence of
uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 202: Semi-logarithmic (c) and logarithmic (d) strain rate sensitivity vs. true plastic strain for
HC320LA (VDEh1). Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 203: Strain rate sensitivity at 0,002/0,05/0,10 true plastic strain HC320LA (VDEh1).
(e): Semi-logarithmic strain rate sensitivity; (f): Logarithmic strain rate sensitivity.
+ HCT500X
Figure 204 shows an increase of yield strength with increasing pre-straining for HCT500X steel
grade. The 10% longitudinal pre-straining delivers a lower yield strength increase than for the 10%
transverse pre-strained condition.
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Figure 204: Dynamic yield (a) and tensile (b) strength vs. strain rate for HCT500X (VDEh1). Influence of
uniaxial pre-straining with bake hardening (170°C, 20mn).
Except for the 10% longitudinal pre-strained condition, some increase of strain rate sensitivity can
be observed with increasing pre-straining level (Figure 205, Figure 206).
Previously investigated HSS steel grades (HC180B, HC260i, HX300BD, HC320LA) show a rather
small strain dependency of strain rate sensitivity. For HCT500X however, an initial significant drop
of strain rate sensitivity takes place at low true plastic strain, which is followed by a significant
strain rate sensitivity increase with increasing strain (Figure 205). The minimum of the strain rate
sensitivity is shifted to lower plastic strain values with increasing pre-straining (Figure 205).
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Figure 205: Semi-logarithmic (c) and logarithmic (d) strain rate sensitivity vs. true plastic strain for HCT500X
(VDEh1). Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 206: Strain rate sensitivity at 0,002/0,05/0,10 true plastic strain HCT500X (VDEh1).
(e): Semi-logarithmic strain rate sensitivity; (f): Logarithmic strain rate sensitivity.
+ HCT780XD
Figure 207 shows the dynamic yield and tensile strength for HCT780XD steel grade at 2% and 10%
uniaxial pre-straining level transverse and longitudinal to rolling direction. For both yield and
tensile strength, longitudinal pre-straining shows less strength increase than for transverse pre-
straining, as seen with other steel grades.
The pre-strained conditions show a slightly higher strain rate sensitivity than the as delivered
condition. 2% pre-straining brings in this case the biggest increase in strain rate sensitivity
(Figure 208, Figure 209).
As for HCT500X steel grade, there is a pronounced drop of strain rate sensitivity at low true plastic
strain, followed by a sharp increase of strain rate sensitivity beyond 0,02-0,03 true plastic strain
(Figure 208).
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Figure 207: Dynamic yield (a) and tensile (b) strength vs. strain rate for HCT780X (VDEh2) steel grade.
Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 208: Semi-logarithmic (c) and logarithmic (d) strain rate sensitivity vs. true plastic strain for
HCT780XD (VDEh2). Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 209: Strain rate sensitivity at 0,002/0,05/0,10 true plastic strain HCT780XD (VDEh2).
(e): Semi-logarithmic strain rate sensitivity; (f): Logarithmic strain rate sensitivity.
+ HDT900C
HDT900C multiphase steel grade has only been investigated in the as delivered and 2% longitudinal
pre-strained condition. A drop of yield strength can be observed in the 2% pre-strained condition in
comparison to the as delivered condition, instead of an yield strength increase as seen with all other
Experimental Results  163
investigated steel grades (Figure 210a). The tensile strength of the pre-strained condition is slightly
higher than for the as delivered condition (Figure 210b).
A slightly higher strain rate sensitivity is observed in the 2% pre-strained condition in comparison
to the as delivered condition (Figure 211, Figure 212).
After an initial sharp drop of strain rate sensitivity up to 0,02 true plastic strain, there is almost no
strain dependency of strain rate sensitivity at higher strain in both as delivered and 2% pre-strained
conditions (Figure 211).
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Figure 210: Dynamic yield (a) and tensile (b) strength vs. strain rate for HDT900C (VDEh1) steel grade.
Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 211: Semi-logarithmic (c) and logarithmic (d) strain rate sensitivity vs. true plastic strain for
HDT900C (VDEh1). Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 212: Strain rate sensitivity at 0,002/0,05/0,10 true plastic strain HDT900C (VDEh1).
(e): Semi-logarithmic strain rate sensitivity; (f): Logarithmic strain rate sensitivity.
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+ Summary
Figure 213, Figure 214 and Figure 215 summarise the experimental strain rate sensitivity results for
0,002, 0,05 and 0,10 true plastic strain, for all investigated pre-strained and bake hardened materials
in the intermediate strain rate range.
Considering the overall strain dependency of strain rate sensitivity is helpful, since yield strength
alone does not deliver enough information about the strain rate sensitivity behaviour.
The experimental results are somehow contradictory, with regards to the influence of uniaxial pre-
straining with bake hardening on the strain rate sensitivity.
A decrease of strain rate sensitivity with increasing pre-straining is observed for some HSS steel
grades like HC180B, HC260i and HC320LA. There is however some evidence that steel grades
HX300BD, HCT500X, HCT780XD and HDT900C show rather an increase of strain rate sensitivity
with increasing pre-straining level. The transverse pre-straining brings tendentially a lower strain
rate sensitivity in comparison to longitudinal pre-straining.
Experimental scattering should be taken into consideration, when interpreting the strain rate
sensitivity results. The dynamic testing at 200s-1 has also not been performed the same way between
VDEh1 and VDEh2 projects. Within the VDEh1 project, damping has been used with the
piezoquarz load signal, whereas in the VDEh2 project the 200s-1 testing has been performed without
damping with calibrated sample strain gages for load measurement.
The differences measured in the strain rate sensitivity may also be overshadowed by the testing
relative error of strain rate sensitivity. In general the differences in strain rate sensitivity between
the as delivered and pre-strained conditions are rather small. For this reason the observed
differences may be affected to some extent by experimental scattering and testing method.
As shown for example in Appendix A15, the correlation coefficients r2 are in some cases rather low
(below 90%). This is an indication for experimental scattering effects.
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Figure 213: Semi-logarithmic (a) and logarithmic (b) strain rate sensitivity at 0,002 true strain for all
investigated steel grades. Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 214: Semi-logarithmic (a) and logarithmic (b) strain rate sensitivity at 0,05 true strain for all
investigated steel grades. Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
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Figure 215: Semi-logarithmic (a) and logarithmic (b) strain rate sensitivity at 0,10 true strain for all
investigated steel grades. Influence of uniaxial pre-straining with bake hardening (170°C, 20mn).
5.9. Conclusions
Following parameters have been investigated with regard to the strain rate sensitivity behaviour of
automotive sheet steel grades:
+ Strain rate:
The strain rate sensitivity increases strongly with increasing strain rate in the strain rate range
[5.10-3-103s-1], which is relevant for automotive crash conditions. This is true for all investigated
steel grades. Consequently the strain rate dependency of 10 and m values cannot be neglected. The
Johnson-Cook modelling approach, considering strain rate independent semi-logarithmic strain rate
sensitivity, is therefore not suitable over a wide strain rate range, especially in the non linear strain
rate region up to 103s-1.
+ Plastic strain:
The strain rate sensitivity generally decreases with increasing plastic strain. Some sharp drop of
strain rate sensitivity can be observed up to 0,01-0,02 true plastic strain, especially for AHSS steel
grades. In order to deliver some reliable information about the strain rate sensitivity behaviour, it is
therefore useful to consider not only the yield strength at 0,002 true plastic strain, but also some
higher true plastic strain values beyond the initial elastic-plastic transition region, at 0,05 and 0,10
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true plastic strain for example. Even better is a continuous description of the strain rate sensitivity
versus true plastic strain, especially for low ductility or pre-strained materials.
+ Temperature:
A strong temperature dependency of strain rate sensitivity is observed for the automotive sheet
steels investigated in the crash relevant temperature range [233K-373K]. A decrease of strain rate
sensitivity is generally seen with increasing temperature. In some cases the strain rate sensitivity
reaches a maximum at room temperature between 233K and 373K. The temperature dependency of
the strain rate sensitivity cannot therefore be neglected.
+ Microstructure:
The higher the strength level, the lower the strain rate sensitivity for the investigated steel grades. A
sharp drop of strain rate sensitivity can be observed in the (quasistatic) yield strength range from
150MPa (DC06) up to 400MPa (HX420LAD). At yield strength above 400MPa as for AHSS steels,
a smaller decrease of the strain rate sensitivity values 10 and m is observed with increasing strength
level. The scattering of the strain rate sensitivity values for mild and HSS ferritic steel grades at
similar strength level could be related to the solid solution softening effect, which is mainly
dependent on the phosphorous content in the ferritic matrix. AHSS dualphase, TRIP and multiphase
steels grades show a much lower influence of strength level on the strain rate sensitivity. Dualphase
and low alloy TRIP steels show a particularly low strain rate sensitivity, in some cases even slightly
negative, especially in the low strain rate range. Generally the low strain rate sensitivity values of
low alloy TRIP steels are lower than for dualphase steels at comparable strength level. In the
intermediate strain range, dualphase and TRIP steels show some similar 10 values. The strain rate
sensitivity decreases with increasing hard phase content in the ferritic matrix.
The metastable high alloy TRIP steels (1.4301, 1.4318, 1.4376) show an exceptional dynamic
behaviour. The dynamic flow stress decreases significantly in comparison to the quasistatic values
above 0,10 true plastic strain in the low strain rate range up to 1s-1. This softening effect occurs at
233K for all three steel grades, at 296K only for 1.4318 steel grade. At 373K, the strain rate
sensitivity is positive at any strain. The observed dynamic softening effect leads to a pronounced
negative strain rate sensitivity. Depending on the steel grade investigated, the TRIP effect is more
or less effectively promoted for a given temperature and interacts differently with the adiabatic
temperature increase.
+ Bake hardening without pre-straining:
The influence of a bake hardening heat treatment (170°C, 20mn) without pre-straining has been
investigated on the 10 and m strain rate sensitivity values. Bake hardening steels HC180B and
HC260B have been tested in the temperature range [233K-373K] and intermediate strain rate range
[1-200s-1]. No significant differences in the strain rate sensitivity behaviour between as delivered
and bake hardened conditions could be observed for any true plastic strain.
+ Pre-straining without bake hardening:
10% pre-strain:
A clear effect of pre-straining without heat treatment at 10% equivalent pre-straining in the biaxial,
plane strain and uniaxial conditions could not be observed on the strain rate sensitivity in the low,
intermediate and high strain rate range at room temperature for ferritic steels S235, HX340LAD,
HCT600XD and HCT690TD. The strain rate sensitivity is therefore relatively insensitive to the pre-
straining condition.
Metastable austenitic high alloy TRIP steel grade 1.4318 shows however a different behaviour.
Pre-straining promotes the TRIP-effect by reducing the overall ductility and hence the total
adiabatic temperature increase until uniform elongation (or tensile strength). Pre-straining reduces
therefore some softening effect within the low strain rate range, in which the isotherm-adiabatic
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transition occurs. The strain rate sensitivity in the low strain rate range is therefore less negative
with increasing equivalent pre-straining for 1.4318 steel grade. The negative strain rate sensitivity is
however only seen at higher true plastic strain level, since adiabatic heating is almost negligible
until 0,10 true plastic strain. There is therefore no significant effect of pre-straining on the strain
rate sensitivity of yield strength for 1.4318 steel grade. High alloy TRIP steel 1.4318 builds
however a particular case in comparison to the other ferritic steel grades, which do not show such a
metastable behaviour. Even low alloy TRIP steel grade does not present a significant different strain
rate sensitivity behaviour after pre-straining in comparison to HCT600XD even at high strain,
suggesting a weak softening TRIP effect if any in comparison to high alloy 1.4318 steel grade.
[0,5%, 1,5%] and [-0,5%, 3%] pre-strain:
Pre-strained conditions [0,5%, 1,5%] and [-0,5%, 3%], corresponding respectively to 0,021 and
0,032 small equivalent Mises pre-strain, show generally a lower strain rate sensitivity of yield
strength in comparison to the as delivered condition. This decrease is significant for HC220i,
HX220BD and HX220PD steel grades, but not that much for HCT500XD steel grade.
At higher true plastic strain level over 0,05, there is either no significant influence of pre-straining
on the strain rate sensitivity, as for HC220i steel grade, or even an increase of strain rate sensitivity
with increasing equivalent pre-strain level. This positive effect is seen for HX220BD and HX220PD
steel grades, and is most pronounced for HCT500XD steel grade.
It can be concluded, that the influence of pre-straining on the strain rate sensitivity depends strongly
on the true plastic strain level considered for the strain rate sensitivity determination. A negative
influence of pre-straining on strain rate sensitivity is seen at low strain level, whereas a positive
influence on strain rate sensitivity is seen at higher strain levels.
+ Pre-straining with bake hardening:
The influence of 2% and 10% uniaxial pre-straining with bake hardening (170°C, 20mn) on the
strain rate sensitivity in the intermediate strain range is somehow contradictory, depending on the
steel grade considered. A decrease of strain rate sensitivity with increasing pre-straining is observed
for HC180B, HC260i and HC320LA steel grades. However steel grades HX300BD, HCT500X,
HCT780XD and HDT900C rather show an increase of strain rate sensitivity with increasing pre-
straining level. The transverse pre-straining brings tendentially some lower strain rate sensitivity in
comparison to longitudinal pre-straining.
It should be noticed that the strain rate sensitivity values are quite sensitive to experimental
scattering, since strain rate sensitivity is a derived quantity from flow stress versus strain rate in
semi-log or log-log scale. In the present case the differences in strain rate sensitivity between the as
delivered and pre-strained conditions are rather small, so that no definitive conclusion can be
drawn, as for the influence of pre-straining with bake hardening on the strain rate sensitivity.
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6. Discussion
Following chapter gives a description of the investigated automotive sheet steels based on the
theory of thermal activation. It is intended to identify the limits of the thermal activated region for a
wide range of materials investigated. The investigation is based on the temperature and strain rate
dependency of the yield strength. The parameters have been determined with a limited set of data in
the temperature range between 233K and 373K and the strain rate range between 0,005 and 200s-1.
In spite of this limited testing range, some reliable quantitative modelling information can be
obtained. All modelling results are given in Appendix C.
6.1. Critical athermal strain rate and temperature
6.1.1. Definitions
Some background knowledge on the thermal activation theory, as already mentioned in chapter 2.4,
are reminded here for later discussion. The yield strength Rp0,2 can be expressed as follows:
It should be noticed that the temperature dependency of athermal stress internal component i has
been neglected in this investigation. It depends on the temperature the same way the young modulus
or shear modulus does. In the temperature range considered between 233K and 373K the
temperature effects on the athermal stress component can be neglected in a first approximation.
Based on equation (89), the analytic expressions for logarithmic m and semi-logarithmic 10 strain
rate sensitivity are derived as follows ([62], [84]):
The critical athermal strain rate c  at a given testing temperature is defined as the strain rate above
which the deformation process is thermally activated. Below this strain rate, the strengthening
process is athermal (*=0). It is the opposite behaviour for the critical athermal temperature at a
given strain rate. Above the critical athermal temperature Tc, the deformation process is athermal,
below Tc it is thermally activated.
The critical athermal strain rate c  (for a given temperature T) and the critical temperature Tc
(for a given strain rate  ) are given as follows:
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The temperature Tmax at which the semi-logarithmic strain rate sensitivity 10 reaches a maximum
can be derived based on equation (91) from the critical temperature Tc as follows:
Tmax is strain rate dependent similar to the athermal temperature Tc.  (Tmax only refers to the
maximum of 10, not to the maximum of the logarithmic strain rate sensitivity m).
6.1.2. Critical athermal strain rate and temperature: experimental results
The thermal activation model parameters are given in Appendix C1 for VDEh1 and VDEh2
materials. The corresponding critical athermal strain rate c  (at 233K, 296K and 373K) as well as
the critical athermal temperature Tc (at 0,005, 1, 10, 100 and 200s-1) are given in Appendix C2.
Figure 216 shows the testing temperature dependency of the critical athermal strain rate for all
investigated steels. The higher the testing temperature, the higher the critical athermal strain rate.
The critical athermal strain rate lies at 233K well below 10-6s-1, at 296K it ranges between 10-3 and
10-5 s-1 and at 373K between 10-1 and 10-3s-1.
Figure 217 gives the critical athermal strain rate at 233K, 296K and 373K versus quasistatic room
temperature yield strength. Up to 300MPa yield strength, some relatively homogeneous results are
achieved. Above 300MPa yield strength, the scattering in the results increases. It should be noticed
that the 233K dynamic results at 200s-1 are missing for HCT780XD and HCT600TD, so that the
calculated critical athermal strain rate may not be correct and probably therefore abnormally low.
Generally, austenitic stainless high alloy TRIP steels (cold and hot rolled 1.4301 and 1.4376) show
much lower critical athermal strain rate values in comparison to the other ferritic steels.
In order to illustrate the strain rate-temperature equivalence, the critical athermal temperature for all
investigated steels has been plotted in Figure 218 for various strain rate (0,005, 1, 100s-1).
Figure 219 gives the critical athermal temperature values plotted versus quasistatic room
temperature yield strength for a better overview. The critical athermal temperature is strain rate
dependent. The higher the strain rate, the higher the critical athermal temperature Tc. At 0,005s-1 the
critical athermal temperature ranges from 320 to 350K, at  1s-1 it is increased to about 400-450K
and at 100s-1 it reaches 500-550K. Once again a large scatter in the critical athermal temperature
values is observed at yield strength values above 300MPa, the results for HCT780XD and
HCT600TD should be interpreted carefully as already mentioned. HCT690TD steel grade shows
also a singularly high critical athermal temperature at 100s-1. The extrapolation results at higher
strain rates are not fully reliable due to the limited amount of data available. Austenitic cold and hot
rolled stainless high alloy 1.4301 TRIP steels show some high critical athermal temperature values.
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Figure 216: Critical athermal strain rate for all investigated steel grades at 233K, 296K and 373K.
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Figure 217: Critical athermal strain rate versus quasistatic room temperature yield strength.
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Figure 218: Critical athermal temperature for all investigated steel grade at 0,005, 1 and 100s-1.
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Figure 219: Critical athermal temperature versus quasistatic room temperature yield strength.
6.1.3. Strain rate sensitivity versus critical athermal strain rate and temperature
The higher the testing temperature, the higher the critical athermal strain rate. This means that at
233K for example, the deformation occurs within the thermally activated region at any tested strain
rate within 0,005 and 200s-1. At 296K, the testing occurs just at the beginning of the thermally
activated region (10-4-10-5s-1). At 373K the thermal activated deformation process starts first at
strain rate higher than 0,1s-1. Below 0,1s-1 the strain rate sensitivity is close to 0 at 373K. Increasing
the strain rate means, for constant testing temperature, going deeper into the thermal activated
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region. Similar conclusions can be drawn when considering the critical athermal strain rate. In the
quasistatic case (0,005s-1) for example, it is necessary to increase the temperature above 320-330K
(around 50°C) in order to reach the athermal region. At 100s-1, the temperature should be increased
above 500-550K (around 250°C) in order to reach the athermal region at quasistatic strain rate.
Figure 220 shows exemplarily some modelling results for DC04 steel grade, in order to illustrate
the validity of the thermal activated modelling assumption. The corresponding critical temperature
Tc and strain rate c  are also plotted vertically in both diagrams.
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Figure 220: DC04: modelled dynamic yield strength values vs. temperature (a) and strain rate (b).
Due to the shift of critical athermal strain rate to higher values with increasing temperature as
shown in Figure 220b, it is understandable that the effect of temperature on the strain rate
sensitivity will be more pronounced in the low [10-3-20s-1] as in the intermediate strain rate range
[1-200s-1]. In the intermediate strain rate range above 1s-1 the deformation process is already
thermally activated at any temperature between 233K and 373K. In the low strain rate range below
1s-1, the deformation process is partly athermal at 373K but already fully thermally activated at
233K. This explains why the temperature increase results in a dramatic drop in the strain rate
sensitivity at low strain rate, but not that much in the intermediate strain rate range, as noticed
previously in the experimental results presented in chapter 5.4.
Figure 221 shows the difference between intermediate and low strain rate semi-logarithmic
sensitivity 10 versus critical athermal strain rate for all VDEh1 and VDEh2 materials. At 233K
there is relatively little differences between the low and intermediate strain rate sensitivity
(Figure 221a). The difference increases with increasing testing temperature (and increasing critical
athermal strain rate). At 373K there is a significant difference between low and intermediate strain
rate sensitivity (Figure 221b), which correlates with an increased critical athermal strain rate.
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Figure 221: 10[1-200s-1]-10[10-3-20s-1] vs critical athermal strain rate (VDEh1/VDEh2). (a): 233K; (b): 373K.
Discussion 173
Figure 222 shows the difference between semi-logarithmic strain rate sensitivity 10 at 233K and
373K in the low (Figure 222a) and intermediate (Figure 222b) strain rate range versus critical
athermal temperature. With increasing critical athermal temperature (calculated at 1s-1 for the low
strain rate range and at 100s-1 for the intermediate strain rate range), it is clear that the differences in
strain rate sensitivity values between 233K and 373K are reduced. With increasing critical athermal
temperature, the deformation becomes indeed more thermally activated in the experimental
temperature range [233K-373K] and the strain rate sensitivity becomes less temperature sensitive
both in the low and intermediate strain rate range.
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Figure 222: 10(233K)- 10(373K) vs. Tc  at low (a) & intermediate (b) strain rate (VDEh1/VDEh2).
Figure 223a and Figure 223b show the modelled semi-logarithmic and logarithmic strain rate
sensitivity 10 and m of yield strength, calculated based on equations (90) and (91). The temperature
and strain rate sensitivity is shown for DC04 mild steel, taken here as representative example. The
model has been fitted within the strain rate range [0,005-200s-1] and temperature range [233-373K].
The modelling results have been extrapolated for better understanding up to 700K and 500s-1, but
are only experimentally validated up to 373K and 200s-1. The investigated temperature 233K, 296K
and 373K are also illustrated in the diagrams.
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Figure 223: Modelled strain rate and temperature dependency of strain rate sensitivity DC04. (a): 10; (b): m.
The strain rate sensitivity increases with increasing temperature, reaches a maximum and decreases
down to 0 above the critical temperature Tc, which is strain rate dependent. At low temperature,
there is almost no strain rate influence. All curves are superposed for any strain rate. At
temperatures above 200K, the differences in strain rate sensitivity values increase with increasing
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strain rate. The maximum of strain rate sensitivity is shifted to higher temperature with increasing
strain rate, as it is the case for the critical temperature Tc.
With increasing strain rate, the strain rate sensitivity increases for any temperature. With increasing
temperature above 233K, the strain rate sensitivity generally decreases but not necessary. At high
strain rate above 100s-1, the strain rate sensitivity may not necessary decrease, if it reaches its
absolute maximum between 233K and 373K. It is therefore possible, especially in the intermediate
strain rate range, that the strain rate sensitivity may even increase between 233K and 296K. This
behaviour has been often observed for various VDEh1 and VDEh2 steel grades in chapter 5. This is
in a first approach a surprising effect, since increasing strain rate is generally associated in its effect
as a temperature decrease. The temperature range between 233K and 373K, which is relevant for
automotive applications, is however located in a transition region, in which the strain rate sensitivity
may reach its maximum, especially in the higher strain rate regions. This maximum is more
pronounced for the m values than for the 10 values (Figure 223).
As for the critical temperature Tc, the temperature Tmax, for which the semi-logarithmic strain rate
sensitivity 10 reaches its maximum according to equation (93), increases with increasing strain rate
(Figure 224, Appendix C2). For most investigated steel grades, the critical temperature in the low
strain rate range (from 0,005 to 10-20s-1) lies well below 296K and even below than 233K. This
means that for the low strain rate sensitivity 10, the strain rate sensitivity generally decreases with
increasing temperature in the temperature range [233-373K]. However for the intermediate strain
rate range above 20s-1,  Tmax is increased up to 300K or higher. This indicates that the strain rate
sensitivity at room temperature may be higher than at 233K. According to Figure 224, it is easier to
understand why the 10 values decrease from 233K to 373K in the low strain rate range
(Figure 225) but not necessary in the intermediate strain rate range (Figure 226).
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Figure 225: 10 vs. temperature (=0,002; [10-3-20s-1]; 233/296/373K).
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Figure 226: 10 vs. temperature (=0,002, [1-200s-1], 233/296/373K).
Figure 227 shows a comparison of experimental and modelled strain rate sensitivity m with
increasing strain rate for 233K, 296K and 373K. The experimental strain rate sensitivity has been
smoothed locally (“differential m-values”) based on 2nd degree polynomials as described in
chapter 3.4. A good agreement can be reached between experimental and modelled differential m
values. The decrease of strain rate sensitivity with increasing temperature as well as the increase of
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strain rate sensitivity with increasing strain rate is well captured by the model. The polynomial
fitting can be used to model the instantaneous strain rate sensitivity. However due to the related
subjectivity in fitting due to polynomial smoothing, the method of polynomial fitting has not been
used later on in the frame of this work. Only the average strain rate sensitivity with degree 1
polynomials within the low and intermediate strain rate range have been determined in this work for
comparative strain rate sensitivity investigations.
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Figure 227: Modelled/experimental (after polynomial fitting) m-values (DC04, =0,002, [233-373K]).
Figure 228 compares the modelled instantaneous strain rate sensitivity and the experimental average
strain rate sensitivity m in the low [0,005-20s-1] and intermediate [1-200s-1] strain rate range. The
experimental average m values cannot be compared directly to the modelled instantaneous
differential values. The experimental average strain rate sensitivity values can be considered rather
as an average strain rate sensitivity in the corresponding strain rate range.
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Figure 228: Modelled (instantaneous)/experimental (average) m-values (DC04, =0,002, [233-373K]).
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A direct comparison with model results can be best achieved if the modelled and experimental
strain rate sensitivity is determined the same way, namely with a linear regression analysis for
exactly the same experimental strain rate and temperature values. Figure 229 shows the comparison
between modelled and experimental average strain rate sensitivity m in the low and intermediate
strain rate range for 233K, 296K and 373K. A relative good agreement can be reached between
modelling and experimental values. It shows that the thermal activation approach is a reliable tool
to discuss strain rate sensitivity results.
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Figure 229: Modelled and experimental (low and intermediate) average m-values (DC04, 296K).
6.1.4. Low temperature dynamic testing
In order to check the validity of the thermal activation assumption, additional dynamic tests have
been performed with the IEHK Schenck dynamic testing machine for a DC05 steel grade, very
similar to DC04, at 173K and several strain rates: 5.10-4, 10-2, 10-1, 10 and 50s-1. The experimental
yield strength values versus strain rate are shown in Figure 230, together with the calculated
experimental average 10 and m values in the low strain rate range. This low temperature dynamic
testing has been performed at IEHK in the frame of a scientific cooperation program with the
LPMM institute at the Metz University. The low temperature results for DC05 are compared with
the DC04 results, since both steel grades show similar mechanical properties.
Figure 231 shows the dynamic yield strength versus activation energy, based on the DC04 model
parameters, which have been determined in the strain rate range [5.10-3-200s-1] and temperature
range [233-373K]. The experimental results for DC05 can be found on the upper left side of the
Rp0,2-G curve in Figure 231. The experimental yield strength values for DC05 is in good
agreement with the DC04 modelling results, which have been extrapolated to lower G values
below 6E-20J.
This confirms that the experimental strain rate and temperature range chosen for VDEh1 and
VDEh2 investigations is wide enough in order to determine accurately the thermal activation model
parameters.
178  Discussion
DC05, 173K
0
200
400
600
800
1,0E-04 1,0E-03 1,0E-02 1,0E-01 1,0E+00 1,0E+01 1,0E+02
Strain rate, s-1
Yi
el
d 
st
re
ng
th
, M
Pa
T
[10-3-20s-1]
m(0,002)
[10-3-20s-1]
K MPa.log-1(s-1) -
DC05 173 42 0,038
233 42 0,053
296 32 0,059
373 12 0,028
Steel grade
DC04_VDEh1
)002,0(1 0
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Figure 231: Dynamic yield strength (ReL) vs. activation energy (DC04, DC05).
Figure 232 and Figure 233 show the modelled (differential) strain rate sensitivity 10 and m, derived
from the DC04 thermal activation model parameters. The experimental 10 and m values for DC04
and DC05, in the low strain rate range [0,005-20s-1], are also given as table in both figures. The
experimental average strain rate sensitivity values at 173K are in good agreement with the
modelling results. The semi-logarithmic 10 average strain rate sensitivity values at 173K or 233K
are quite similar, since the temperature range [173K-233K] lies close to Tmax, the temperature of
maximum strain rate sensitivity, in the low strain rate region (Figure 232). For the logarithmic strain
rate sensitivity m however, Tmax lies above 233K in the low strain rate range, so that an increase of
m can be observed between 173K (0,038) and 233K (0,053) as shown in Figure 233.
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Equation (94) expresses the strain rate-temperature equivalency. Different combinations of
temperature and strain rate can therefore achieve the same yield strength level.
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Figure 234 shows the connection between strain rate and temperature at increasing thermal
activation energy G for DC04 steel grade according to equation (94). The higher the temperature,
the higher the required strain rate in order to reach the same dynamic stress level.
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Figure 234: Equivalence strain rate- temperature according to thermal activation modelling (DC04).
Table 34 shows exemplarily some calculated strain rate-temperature combinations, resulting in the
same activation energy for DC04. The same activation energy (1,0E-19J) (and hence yield strength)
is reached for example at 0,005s-1 and 241K, or at 200s-1 and 373K (Table 34). The higher the
temperature, the higher the strain rate should be increased, in order to reach the same yield strength.
Table 34: Calculated temperature-strain rate combinations vs. activation energy (DC04).
            , J T(0,005/s) T(0,01/s) T(0,1/s) T(1/s) T(10/s) T(100/s) T(200/s)
J K K K K K K K
4,0E-20 96 98 107 117 129 144 149
5,0E-20 120 123 134 146 161 180 186
6,0E-20 144 148 160 175 194 216 224
7,0E-20 169 173 187 205 226 252 261
8,0E-20 193 197 214 234 258 288 298
9,0E-20 217 222 241 263 291 324 336
1,0E-19 241 247 268 293 323 360 373
1,1E-19 265 271 295 322 355 396 410
1,2E-19 289 296 321 351 388 432 448
1,3E-19 313 321 348 381 420 468 485
1,4E-19 338 346 375 410 452 504 522
1,5E-19 362 370 402 439 485 540 560
1,6E-19 386 395 429 469 517 576 597
1,7E-19 410 420 456 498 549 612 634
1,8E-19 434 444 482 527 582 648 672
1,9E-19 458 469 509 557 614 685 709
2,0E-19 482 494 536 586 646 721 746
2,1E-19 507 519 563 615 679 757 784
G
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6.2. Adiabatic heating effects
6.2.1. Isotherm-adiabatic 10 values
The isothermal flow curves have been calculated for mild steel DC04, following the procedure
described in chapter 2.3. The adiabatic-isotherm flow stress correction has been performed
assuming a fully adiabatic deformation process at 1s-1 and above. The “tanh” isotherm-adiabatic
transition function has been chosen, with an transition strain rate of 0,1s-1 and a “Sc” parameter set
to 5 in order to ensure adiabatic conditions at 1s-1 and above. An average linear stress softening
factor of 1,38MPa.K-1 has been assumed, based on experimental dynamic results as shown later on
in Table 35. Figure 235 shows the adiabatic-isotherm correction results on flow curves. Figure 236
gives the corresponding calculated adiabatic heating temperature increase. At quasistatic speed,
there is no adiabatic heating, since the deformation process is isothermal. At higher strain rate, the
adiabatic heating is nearly proportional to the true plastic strain level and reaches up to 15-20°C at
uniform elongation.
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Figure 235: Adiabatic and isotherm flow curves (DC04, 296K).
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Figure 236: Adiabatic temperature increase vs. true plastic strain (DC04, 296K).
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The semi-logarithmic strain rate sensitivity 10 has been determined for both adiabatic and isotherm
data sets (Figure 237). The isotherm 10 values are higher than the adiabatic 10 values. The higher
the true plastic strain, the more adiabatic and isotherm 10 values differ.
The discrepancy between adiabatic and isotherm 10 values is more pronounced in the low
[10-3-20s-1] than in the intermediate [1-200s-1] strain rate range (Figure 237). In the low strain rate
range, there is a sharp transition between isotherm quasistatic and adiabatic dynamic flow curves at
1s-1 and above. In the intermediate strain rate range above 1s-1, the deformation process is adiabatic.
Isotherm and adiabatic 10 values differ therefore more in the low than in the intermediate strain
range.
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Figure 237: Low and intermediate strain rate sensitivity 10,  calculated from adiabatic and isotherm flow
curves vs. true plastic strain (DC04, 296K).
6.2.2. Strain dependency of 10 values
One characteristic of mild steels is the sharp decrease of strain rate sensitivity with increasing true
plastic strain up to 0,05, as shown previously in chapter 5.3. This has to be taken into account when
modelling the strain dependency of strain rate sensitivity.
This effect certainly does not originate in an adiabatic heating effect alone, since the isotherm 10
values do not differ significantly from adiabatic 10 values up to 0,05 true plastic strain
(Figure 237). Adiabatic heating effects can only noticed above 0,10 true plastic strain.
Since the apparent strain rate sensitivity takes into account the forming history, this strain rate
sensitivity decrease is due partly to a gradual exhausting of work hardening potential and in a lesser
extent to some adiabatic softening effects. The work hardening rate decreases more strongly with
increasing strain rate and strain level for mild steels than for HSLA steels as seen in chapter 5.3.1,
in agreement with literature data [14]. The differences in the strain dependency of the strain rate
sensitivity cannot therefore be explained alone based on adiabatic heating effects; otherwise all steel
grades should show the same strain dependent behaviour for the strain rate sensitivity.
Among known dynamic models, only Tanimura-Ludwik and Rusinek-Klepaczko (RK) models so
far can take into account the strain dependency of strain rate sensitivity, as described before in
chapter 2.2.5. The Tanimura-Ludwik model introduces an additional softening parameter C5 as
shown in equation (95). If C5 is set to 0, the strain rate sensitivity is strain independent as in the
classical Johnson-Cook approach. If C5 is different from 0, the decrease of strain rate sensitivity
with increasing true plastic strain can be taken into account.
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The RK model, as introduced in previous chapter 2.2.5, is reminded in equation (96). It describes
the dynamic flow curves with an athermal Swift-based part and assumes a decrease of the Swift-
strain hardening coefficient ),( Tn   with increasing temperature or strain rate. This way it takes into
account the decrease of the apparent strain rate sensitivity with increasing true plastic strain, even if
the thermal activated part is defined as strain independent in this model. Since the strain hardening
is decreased, the necking will occur sooner with increasing strain rate, as observed experimentally
in Figure 235.
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Figure 238 shows the strain rate dependency of the strain hardening n10-Ag/20 values for various sheet
steel grades. The strain hardening coefficient decreases strongly with increasing strain rate for mild
and low strength steel grades. For HSLA, dualphase and TRIP steel grades however, there is no
significant decrease of strain hardening with increasing strain rate. There is some striking parallel
effects between the strain dependency of m-values and the strain rate sensitivity of n-values as
shown also in [189]. The decrease of m-value with increasing strain or the decrease of n-value with
increasing strain rate show similar patterns. The lower the strength level, the higher the strain or
strain rate sensitivity of n and m-values respectively.
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Figure 238: n10-Ag/20 strain hardening value versus strain rate for various sheet steel grades (296K).
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6.2.3. Strain hardening and strain rate sensitivity
Generally an increasing strength level means a decrease in ductility or fracture elongation A80, as
shown in Figure 239, unless an additional TRIP effect postpones the onset of necking and fracture,
as for low and high alloy TRIP steels. A similar trend is observed in Figure 240, the quasistatic
n10-Ag/20 value decreases with increasing quasistatic yield strength value Rp0,2, with low and high
alloy TRIP steels shifted to higher n-values.
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Figure 239: Quasistatic fracture elongation A80 versus quasistatic yield strength (296K).
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Figure 240: Quasistatic n10-Ag/20 value versus quasistatic yield strength (296K).
Figure 241 and Figure 242 show respectively the semi-logarithmic and logarithmic strain rate
sensitivity versus strain hardening value n10-Ag/20 for all investigated steels grades at room
temperature, averaged over the whole strain rate range [10-3-200s-1]. Especially when considering
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the m-values in Figure 242, it is clear that the strain rate sensitivity decreases with lower n-value for
most steel grades. Low alloy and high alloy TRIP steels deviate from this trend and show a higher
strain hardening capability. It is generally shown therefore that strain hardening and strain rate
sensitivity decrease with increasing strength level and present therefore a similar behaviour.
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Figure 241: Average 10-values vs. quasistatic n10-Ag/20 value ([10-3-200s-1], =0,002; 296K).
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Figure 242: Average m-values vs. quasistatic n10-Ag/20 value ([10-3-200s-1]; =0,002; 296K).
The strain rate sensitivity and postuniform elongation (A80-Ag) correlate well (Figure 243). Higher
strain rate sensitivity values increase the postuniform elongation values until fracture [12], [14],
[198].
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Figure 243: Postuniform elongation (A80-Ag) vs. m-values (=0,002; [10-3-200s-1]; 296K).
6.2.4. Isotherm-adiabatic critical athermal temperature
The thermal activation modelling normally looses its physical meaning after subsequent strain
hardening. Nevertheless it has still been intended to model the dynamic behaviour at 0,002, 0,05
and 0,10 true plastic strain level. It is then possible to determine some fictive thermal activation
model parameters with enough accuracy for each true plastic strain level (Figure 244).
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Figure 244: Thermal activation fit results for 0,002/0,05/0,10 true plastic strain (DC04, 296K).
The critical athermal temperature Tc, as described in the previous chapter, has then been plotted
versus strain rate for 0,002, 0,05 and 0,10 true plastic strain levels based on both isotherm and
adiabatic flow curves. Contrary to the experimental adiabatic case (Figure 245), the isotherm
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critical athermal temperature is almost not dependent any more on the plastic strain level
(Figure 246). When considering only experimental adiabatic results, the critical athermal
temperature decreases with increasing plastic strain level. The higher the strain rate, the lower the
adiabatic critical athermal temperature. This illustrates indirectly the influence of adiabatic heating.
With increasing strain level, the adiabatic heating increases. The effective testing temperature in the
sample increases therefore in comparison to the external test temperature. For the same strain rate,
the effective critical athermal temperature is then reduced. With increasing temperature, the
deformation process becomes athermal for a given strain rate. This is reinforced by additional
adiabatic heating. The calculated negative shift in the critical athermal temperature value at 0,10
true plastic strain amounts to approximately 20°C (Figure 245). This is consistent with the
calculated adiabatic temperature increase in Figure 236.
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Figure 245: Adiabatic critical athermal temperature vs. strain rate (DC04, 296K).
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Figure 246: Isotherm critical athermal temperature vs. strain rate (DC04, 296K).
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6.2.5. Thermal softening stress factor
In order to perform the adiabatic-isotherm flow curve correction, it is important to evaluate the
experimental softening effects on the flow stress with the help of quasistatic and dynamic data. This
has been done for the steel grades from VDEH1 and VDEh2 projects (Table 35) in the temperature
and strain rate range [233K-373K] and [0,005-200s-1]. Quasistatic and dynamic average softening
stress factor and temperature sensitivity have been determined.
The quasistatic linear flow stress thermal softening factors defined as the slope of flow stress versus
temperature, as described in chapter 2.3, varies for automotive steel grades around 0,5MPa/K. The
dynamic values are much higher between 1,0 and 1,5MPa/K. Each temperature increase of 1K
brings therefore an average decrease in flow stress of approximately 1MPa. The information from
flow stress thermal softening factors in Table 35 may also be used for further correlations between
strain rate and temperature sensitivity of dynamic flow stress. The temperature sensitivity  has also
been determined in Table 35 according to following definition [199]:


,)log(
)log(
T8
8
 <0 (97)
The temperature sensitivity  increases with increasing strain rate, decreases with increasing
strength level, and lies around -0,5, which is coherent with literature values for steel grades [199].
Table 35: Experimental quasistatic and dynamic linear flow stress softening factors and temperature
sensitivity  (VDEh1/VDEh2, [233K-373K]).
(0.005s-1) (dynamic average) (0.005s-1) (dynamic average)
MPa.K-1 MPa.K-1 - -
DC04_VDEh1 -0,70 -1,38 -0,77 -1,18
DC06_VDEH1 -0,78 -1,62 -1,04 -1,45
DD13_VDEh1 -0,57 -1,31 -0,48 -0,93
HC180B_VDEh1 -0,56 -1,39 -0,75 -1,15
HX180YD_VDEh2 -0,53 -1,11 -0,46 -0,86
HX220BD_VDEh2 -0,45 -1,44 -0,40 -1,05
HX220YD_VDEh2 -0,49 -1,23 -0,39 -0,93
HX260YD_VDEh1 -0,58 -1,02 -0,44 -0,67
HC260B_VDEh1 -0,49 -0,94 -0,39 -0,65
HC260i_VDEh1 -0,59 -1,40 -0,50 -1,00
HC260P_VDEh1 -0,63 -0,89 -0,46 -0,54
H260LAD_VDEh2 -0,51 -1,44 -0,48 -1,07
HX300BD_VDEh2 -0,44 -1,15 -0,34 -0,76
HC320LA_VDEh1 -0,64 -1,32 -0,40 -0,73
HX340LAD_VDEh1 -0,72 -1,14 -0,51 -0,66
S380MC_VDEh1 -0,64 -1,03 -0,40 -0,54
H420LAD_VDEh2 -0,56 -1,01 -0,29 -0,47
HCT500X_VDEh1 -0,61 -0,93 -0,33 -0,48
DD33X_VDEh1 -0,71 -1,00 -0,32 -0,48
HCT600XD_VDEh2 -0,61 -1,03 -0,30 -0,47
HCT600TD_VDEh2 -0,66 -0,80 -0,29 -0,37
HCT690TD_VDEH1 -1,64 -1,39 -0,41 -0,38
HCT780XD_VDEh2 -0,77 -0,99 -0,36 -0,36
HCT780T_VDEh2 -0,80 -1,23 -0,32 -0,42
HDT900C_VDEh1 -0,45 -1,02 -0,16 -0,30
1.4301_VDEh1 -1,03 -1,34 -0,70 -0,72
1.4301(HR)_VDEh1 - -1,43 - -0,66
1.4376_VDEh1 -1,77 -1,87 -1,21 -0,86
Steel grade
dTd / dTd / )log(/)log( Tdd  )log(/)log( Tdd 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6.3. Thermal activation modelling
The present chapter shows the modelling results for the different steel categories in the as delivered
condition already characterised in chapter 5.5. Only the results of VDEh1 and VDEh2 projects have
been considered, since both projects provide enough data to determine accurately the thermal
activation parameters for the automotive strain rate and temperature relevant ranges [233-373K] and
[0,005-200s-1]. ECSC project data have only been determined at 296K and will therefore not be
considered for modelling purposes.
For each steel category in the following chapter, the tables and figures are structured the same way.
Tables (a) show the chemical composition and microstructure of the steel grades investigated.
Tables (b) summarise the relevant thermal activation fit parameters taken from Appendix C1.
Figures (a) show the yield strength versus activation energy G with both experimental and
modelled values. Figures (b) show the thermally activated part of yield strength (Rp0,2 – i) versus
the activation energy G. Figures (c) show the modelled yield strength values versus experimental
yield strength values, in order to illustrate the modelling accuracy. Figures (d) show the
experimental linear temperature softening stress factor for 0,005, 1, 20 and 200s-1 between 233K
and 373K. All temperature softening stress factors are taken from Table 35 and have been
determined as described in the previous chapter. Figures (e) show the modelled yield strength
versus temperature at 100s-1 in the temperature range [233-373K]. Figures (f) show the modelled
yield strength versus strain rate at 296K in the strain rate range [10-4-103s-1]. Figures (e) and (f)
illustrate the strain rate-temperature equivalency.
Figures (g) and (h) show the experimental 10 values in the low and intermediate strain rate range,
with the corresponding difference to the modelled values, which is shown as an error bar in the
diagrams. The modelled strain rate sensitivity in figures (g) and (h) has been calculated exactly the
same way as the experimental 10 values, in an average way with the least square method.
The symbols in figures (b), (e) and (f) do not represent experimental points but only modelled
values for arbitrary chosen strain rate and temperature values, which helps to differentiate the
curves between each other.
The model parameters have been determined with a non linear fitting algorithm (OriginD). i is
initialised and fixed as i =Rp0,2(-40°C). The other parameters are let variable and optimised till
convergence with initial values typically set to: m’=1; G0=10-19J; 0*=1000MPa; 0 =10
8s-1.
6.3.1. Mild steels
Cold rolled DC06, DC04, and HC180B as well as hot rolled DD13 steel grades have been
investigated (Table 36a). Those mild steels follow the thermal activation model quite well with high
correlation coefficients (Table 36b). This investigation is based on previous experimental results as
shown in chapter 5.5.2
A good agreement between modelled and experimental yield strength values has been found
(Figure 248c). All four steel grades show similar activation energy G0 around 1,3-1,4.10-19J. In
spite of strong differences in the athermal stress component i, there is little differences in the
thermal activation parameters (Table 36b, Figure 247a). The decrease of strain rate sensitivity with
increasing stress level as shown in Figure 247b is best expressed with the strain rate exponent m’.
The higher the yield strength, the higher m’. When all other model parameters remain constant, an
increase of m’ can be directly interpreted as a general decrease of strain rate sensitivity. A value of
m’ close to 1,0 means a sharp strain rate sensitivity as for DC06 in Table 36b. DC04, HC180B and
DD13 show nearly the same m’ values around 2,0, which means a somehow lower strain rate
sensitivity as for DC06, but not that much differences between each other (Figure 247b,
Figure 249f). There is besides a clear correlation between strain rate sensitivity and temperature
sensitivity. The higher the strain rate sensitivity, the higher the temperature sensitivity of flow
stress. DC06 shows the strongest temperature sensitivity (and hence strain rate sensitivity) as shown
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in experimental (Figure 248d) and modelling results (Figure 249e). Figure 250 shows a good
correlation between experimental and modelled strain rate sensitivity results.
Table 36: Mild steels: (a): Microstructure/chemical composition; (b): Model parameters.
ASTM
LC: (Mn) DC04_VDEh1 0,025 0,01 0,19 0,008 0,001 0,002 9 16 100%F
LC: (Mn) DD13_VDEh1 0,028 0,02 0,17 0,010 0,001 0,002 9 16 100%F
IF ULC:(Mn)+(Ti) DC06_VDEh1 0,002 0,01 0,10 0,009 0,003 0,056 8,5 19 100%F
BH ULC:(Mn+P) HC180B_VDEh1 0,006 0,01 0,19 0,018 0,003 0,001 9 16 100% F
*: F: ferrite
Mild
Steel gradeAlloyingconceptType SiC
Ferrite
grain size
Micro
structure*TiNbPMn m
(a)
m' r2
MPa MPa - J s-1 %
DC06_VDEh1 116,0 862,3 1,35 1,32E-19 2,33E+10 97,9%
DC04_VDEh1 168,0 939,5 1,86 1,43E-19 5,30E+10 98,9%
HC180B_VDEh1 181,5 997,8 2,05 1,38E-19 1,10E+10 99,1%
DD13_VDEh1 272,0 877,0 1,98 1,48E-19 1,00E+11 99,1%
Steel grade
.
00G0
*i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Figure 247: Mild steels. Rp0,2 (a) and Rp0,2-i (b) vs. activation energy.
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Figure 248: Mild steels: (c): Rp0,2, model vs. Rp0,2, experiment; (d): d/dTaverage [233K-373K],experiment.
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Figure 250: Mild steels: experimental/modelled 10-values. (g): [10-3-20s-1]; (h): [1-200s-1].
6.3.2. IF and high strength IF steels
IF (DC06) and high strength IF steels (HX180YD, HX220YD, HX260YD) from chapter 5.5.3 have
been investigated more into details (Table 37a). It should be mentioned that the fitting procedure for
single phased ferritic steels converges much easier than for advanced high strength steels. So the
fitting results can be therefore considered as fairly reliable with high correlation coefficients as
shown in Table 37b and Figure 252c.
Table 37: IF/HSIF steels: (a) Microstructure/chemical composition; (b): Model parameters.
ASTM
IF ULC:(Mn)+(Ti) DC06_VDEh1 0,002 0,01 0,10 0,009 0,003 0,056 8,5 19 100%F
ULC:(Mn+P)+(Ti) HX180YD_VDEh2 0,004 0,01 0,57 0,031 0,004 0,083 100%F
ULC:(Mn+P)+(Nb+Ti) HX220YD_VDEh2 0,003 0,01 0,35 0,042 0,024 0,023 11,5 7 100%F
ULC:(Mn+P)+(Nb+Ti) HX260YD_VDEh1 0,004 0,02 0,73 0,082 0,023 0,025 10 11 100%F
*: F: ferrite
Ti
Ferrite
grain size
Micro
structure*
n.d.
HSIF
Type Alloyingconcept Steel grade NbC Si Mn P m
(a)
m' r2
MPa MPa - J s-1 %
DC06_VDEh1 116,0 862,3 1,35 1,32E-19 2,33E+10 97,9%
HX180YD_VDEh2 195,0 870,1 1,91 1,09E-19 2,82E+08 97,7%
HX220YD_VDEh2 212,0 970,2 2,10 1,15E-19 4,58E+08 96,7%
HX260YD_VDEh1 277,0 927,4 2,87 1,34E-19 7,47E+08 97,4%
Steel grade
.
00G0
*i
 (b)
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Similar thermal activation parameter values can be found as for previously investigated mild steels.
DC06 shows some higher maximum activation energy G0 value as for the high strength IF steels
(Figure 251a). The limiting strain rate 0  decreases between DC06 and HSIF steels. This may be
explained with the lower free path of dislocation as a result of increased P- and Mn-alloying
amount. In this single phased ferritic microstructure, only solid solution element build some
effective short range obstacles that can be overcome with a thermal activation mechanism. Grain
size is irrelevant in this matter since this is a long range obstacle barrier. The free dislocation
density should be comparable between all IF steels, so that the decrease in the limiting strain rate
values should be directly linked to solid solution alloying.
0* values increase slightly with increasing alloying amount but some clear trend cannot be
recognised. The previous discussion about m’-values applies also for IF and HSIF steels. Increasing
m’ values are observed with increasing strength level, indicating a steady decrease in the strain rate
sensitivity values, as confirmed in Figure 251b and Figure 253f. As noticed previously the strain
rate and temperature sensitivity behave the same way, DC06 showing the highest and HX260YD
the lowest temperature sensitivity values (Figure 252d, Figure 253e). Figure 254 shows a good
correlation between experimental and modelled strain rate sensitivity results.
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Figure 251: IF and high strength IF steels. Rp0,2 (a) and Rp0,2-i (b) vs. activation energy.
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Figure 252: IF and high strength IF steels: (c): Rp0,2, model vs. Rp0,2, experiment; (d): d/dTaverage [233K-373K],experiment.
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Figure 253: IF and high strength IF steels. (e): Rp0,2(T)-Rp0,2(296K) vs. T, 100s-1; (f): Rp0,2-i vs.  , 296K.
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Figure 254: IF & HSIF steels: experimental/modelled 10-values. (g): [10-3-20s-1]; (h): [1-200s-1].
6.3.3. Bake hardening steels
Based on experimental results of chapter 5.5.4, bake hardening steels (HC180B, HX220BD,
HC260B, HX300BD) have been investigated (Table 38a). Table 38b gives the corresponding
thermal activation modelling parameters. Bake hardening steels follow the thermal activation
mechanism with high fitting correlation coefficients (Table 38b) and good agreement between
experimental and modelled Rp0,2 values (Figure 256c).
Table 38: BH steels: (a) Microstructure/chemical composition; (b): Model parameters.
ASTM
ULC:(Mn+P) HC180B_VDEh1 0,006 0,01 0,19 0,018 0,003 0,001 9 16 100% F
LC:(Mn+P) HX220BD_VDEh2 0,065 0,01 0,29 0,013 <0,001 <0,001 96% F+4%P
LC:(Mn+P) HC260B_VDEh1 0,076 0,02 0,44 0,086 0,004 0,002 10 11 100%F
LC:(Si+Mn+P)+(Ti) HX300BD_VDEh2 0,064 0,12 0,25 0,021 <0,001 0,012 99% F+1%P
*: F: ferrite / P: perlite
BH
Type Alloyingconcept Steel grade
Micro
structure*C Si Mn P
n.d.
n.d.
Nb Ti
Ferrite
grain size
m
 (a)
m' r2
MPa MPa - J s-1 %
HC180B_VDEh1 181,5 997,8 2,05 1,38E-19 1,10E+10 99,1%
HX220BD_VDEh2 224,0 918,3 1,74 1,16E-19 1,19E+09 97,9%
HC260B_VDEh1 259,0 1000,0 3,03 1,36E-19 1,05E+09 97,7%
HX300BD_VDEh2 282,0 957,2 2,38 1,30E-19 2,17E+09 96,7%
Steel grade
.
00G0
*i
 (b)
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Figure 255a, Figure 255b and Figure 257f show clearly the low strain rate sensitivity of HC260B in
comparison to the other bake hardening steel grades. With increasing solid solution content, the 0
values decrease. HC180B shows the highest 0  values, HC260B the lowest. This is a confirmation
that increasing Mn and P contents decrease the limiting strain rate 0  in accordance with previous
results for mild and IF steels. There is not any significant influence of Mn or  P-content on the G0
or 0* values. Once again m’ values are suitable to describe the strain rate sensitivity behaviour. As
seen in chapter 5.5.4, HX220BD shows the highest strain rate sensitivity and HC260B the lowest.
Inversely HX220BD shows the lowest and HC260B the highest m’ values (Table 38b).
The strain rate and temperature sensitivity are also in accordance with each other. HC260B shows
the lowest and HX220BD the highest temperature sensitivity, which correlates with the strain rate
sensitivity results (Figure 256d). Modelled temperature sensitivity results in Figure 257e correspond
to experimental results (Figure 256d) quite well. Figure 258 shows a good correlation between
experimental and modelled 10 strain rate sensitivity results, the correlation being generally better in
the low than in the intermediate strain rate range.
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Figure 255: Bake hardening steels. Rp0,2 (a) and Rp0,2-i (b) vs. activation energy.
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Figure 256: Bake hardening steels: (c): Rp0,2, model vs. Rp0,2, experiment; (d): d/dTaverage [233K-373K],experiment.
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Figure 257: Bake hardening steels.(e): Rp0,2(T)-Rp0,2(296K) vs. T, 100s-1; (f): Rp0,2-i vs.  , 296K.
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Figure 258: Bake hardening steels: experimental/modelled 10-values. (g): [10-3-20s-1]; (h): [1-200s-1].
6.3.4. HSLA steels
HSLA steel grades (HX260LAD, HC320LA, HX340LAD, S380MC, HX420LAD) have been
investigated based on the experimental results of  chapter 5.5.6 (Table 39a). The fitting accuracy is
good, except for hot rolled S380MC and HX420LAD (Table 39b,  Figure 260c).
Table 39: HSLA steels: (a) Microstructure/chemical composition; (b): Model parameters.
ASTM
LC:(Mn)+(Ti) HX260LAD_VDEh2 0,038 0,01 0,22 0,010 n.d. 0,018 8 22 100%F
LC:(Mn)+(Nb) HC320LA_VDEh1 0,066 0,01 0,35 0,007 0,043 0,001 11 8 100%F
LC:(Mn)+(Nb) HX340LAD_VDEh1 0,053 0,01 0,75 0,008 0,049 n.d. 11 8 100%F
LC:(Mn)+(Nb+Ti) S380MC_VDEH1 0,069 0,01 0,51 0,004 0,029 0,011 13,5 <4 95%F+5%P
LC:(Si+Mn+P)+(Nb+Ti) HX420LAD_VDEh2 0,066 0,22 1,09 0,015 0,048 0,065 100%F
*: F: ferrite / P: perlite
HSLA
Type Alloyingconcept Steel grade
Micro
structure*C Si Mn P
n.d.
Nb Ti
Ferrite
grain size
m
(a)
m' r2
MPa MPa - J s-1 %
HX260LAD_VDEh2 254,0 938,3 1,79 1,21E-19 4,63E+09 98,5%
HX340LAD_VDEh1 332,0 1102,6 2,70 1,64E-19 2,02E+11 97,9%
HC320LA_VDEh1 371,5 1266,4 2,74 1,71E-19 7,72E+11 97,7%
S380MC_VDEh1 440,7 985,6 5,13 1,37E-19 2,44E+07 90,0%
HX420LAD_VDEh2 474,0 614,7 1,88 1,34E-19 1,48E+10 91,7%
Steel grade
.
00G0
*i
 (b)
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Generally the fitting convergence is deteriorated with increasing strength level. This is especially
the case for AHSS steels as shown later on. The scatter in 0*, G0 and 0 values is higher for
HSLA as for mild, IF and BH steels. S380MC shows a high m’ value, suggesting a low strain rate
sensitivity. It is however difficult to discuss physically the fitting results. Given the low fitting
accuracy, the modelling results may well numerically represent the strain rate dependent behaviour
but could have lost their physical meaning. It is clear that S380MC and HX420LAD show the
lowest strain rate sensitivity as illustrated in Figure 259a, Figure 259b and Figure 261f. HX260LAD
has the highest strain rate sensitivity with the lowest m’ value.
When considering the temperature sensitivity, similar results can be obtained. Experimental
(Figure 260d) and modelled (Figure 261e) data coincide and indicate the lowest temperature
sensitivity for S380MC or HX420LAD and the highest for HX260LAD. This is in agreement with
the strain rate sensitivity results. Figure 262 shows a good correlation between experimental and
modelled 10 strain rate sensitivity results, once again the correlation being generally better in the
low than in the intermediate strain rate range.
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Figure 259: HSLA steels. Rp0,2 (a) and Rp0,2-i (b) vs. activation energy.
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Figure 260: HSLA steels: (c): Rp0,2, model vs. Rp0,2, experiment; (d): d/dTaverage [233K-373K],experiment.
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Figure 261: HSLA steels (e): Rp0,2(T)-Rp0,2(296K) vs. T, 100s-1; (f): Rp0,2-i vs.  , 296K.
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Figure 262: HSLA steels: experimental/modelled 10-values. (g): [10-3-20s-1]; (h): [1-200s-1].
6.3.5. HSS steels with Rp0,2>260MPa
Based on experimental results of chapter 5.5.5, a comparison of steel grades (HX260LAD, HC260i,
HC260B, HX260YD, HC260P) with a minimum yield strength of 260MPa has been performed
(Table 40a). All steels are fully ferritic and mainly differ by the amount of solid solution amount
(Si, Mn and P). Table 40b shows the corresponding thermal activation fitting results.
As shown in Table 40b and Figure 264c, the fitting accuracy is high, which is typical for HSS steel
grades. In this strength range, the maximum activation energy G0 does not differ very much and
amounts to 1,3-1,4.10-19J. The 0  values seem to be in direct relation with the total amount of Mn
and P solid solution elements. The higher the Mn and P content, the lower the 0  values
(Table 40b). HC260B, HX260YD and HC260P show the highest m’ values and the lowest strain
rate sensitivity as shown in Figure 263a, Figure 263b and Figure 265f.
Figure 264d and Figure 265e illustrate the low temperature sensitivity of the P-alloyed steel grades
HX260YD, HC260B and HC260P, the rephos steel grade HC260P showing the lowest temperature
sensitivity. This correlates with the strain rate sensitivity results (Figure 265f).
Figure 266 shows a good correlation between experimental and modelled 10 strain rate sensitivity
results, both in the low and intermediate strain range.
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Table 40: HSS steels with Rp0,2>260MPa: (a) Microstructure/chemical composition; (b): Model parameters.
ASTM
HSLA LC:(Mn)+(Ti) HX260LAD_VDEh2 0,038 0,01 0,22 0,010 n.d. 0,018 8 22 100%F
IS LC:(Mn)+(Ti) HC260i_VDEh1 0,035 0,01 0,18 0,008 - 0,027 11 8 100%F
BH LC:(Mn+P) HC260B_VDEh1 0,076 0,02 0,44 0,086 0,004 0,002 10 11 100%F
HSIF ULC:(Mn+P)+(Nb+Ti) HX260YD_VDEh1 0,004 0,02 0,73 0,082 0,023 0,025 10 11 100%F
Rephos LC:(Si+Mn+P) HC260P_VDEh1 0,080 0,14 0,65 0,074 - - 10,5 10 100%F
*: F: ferrite
Type Alloying concept Steel grade Microstructure*C Si Mn P Nb Ti
Ferrite
grain size
m
(a)
m' r2
MPa MPa - J s-1 %
HX260LAD_VDEh2 254,0 938,3 1,79 1,21E-19 4,63E+09 98,5%
HC260i_VDEh1 256,0 1343,3 2,96 1,34E-19 1,42E+10 98,0%
HC260B_VDEh1 259,0 1000,0 3,03 1,36E-19 1,05E+09 97,7%
HX260YD_VDEh1 277,0 927,4 2,87 1,34E-19 7,47E+08 97,4%
HC260P_VDEh1 296,5 869,6 3,01 1,37E-19 1,05E+09 97,4%
Steel grade
.
00G0
*i
 (b)
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Figure 263: HSS steels with Rp0,2>260MPa. Rp0,2 (a) and Rp0,2-i (b) vs. activation energy.
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Figure 264: HSS steels Rp0,2>260MPa: (c): Rp0,2, model vs. Rp0,2, experiment; (d): d/dTaverage [233K-373K],experiment.
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Figure 265: HSS steels with Rp0,2>260MPa. (e): Rp0,2(T)-Rp0,2(296K) vs. T, 100s-1; (f): Rp0,2-i vs.  , 296K.
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Figure 266: HSS steels Rp0,2>260MPa: experimental/modelled 10-values. (g): [10-3-20s-1]; (h): [1-200s-1].
6.3.6. Dualphase and multiphase steels
Dualphase (HCT500X, HCT600XD, DD33X(HR), HCT780XD) and hot rolled multiphase
(HDT900C) steels have been investigated (Table 41a), based on experimental results of
chapter 5.5.7 and chapter 5.5.9. Dualphase steels have a predominantly ferritic matrix, whereas
multiphase HDT900C show a microstructure with a much higher hard phase content (Table 41a).
The fitting accuracy, as shown in Table 41b and Figure 268c, is relatively poor in comparison to
HSS steels.
Generally it can be noticed that the thermal activation Rp0,2-G curves are much flatter for
dualphase and multiphase steels as for the previously investigated ferritic steels (Figure 267a).
Especially HCT780XD and HDT900C show the lowest strain rate sensitivity with high m’ values
(Figure 269f). The HDT900C Rp0,2-G curve is shifted to an higher G level.
Dualphase steels show low 0  values in comparison to mild and HSS steels, which may be
attributed to the shorter free path of free dislocations in a multiphase microstructure. HDT900C
shows with this regard a singular behaviour with higher 0 values. Given the low fitting accuracy,
such results have however to be interpreted with caution. Rather low 0* values have been
determined in comparison to mild and HSS steels. This indicates the lower strain rate sensitivity of
AHSS steel grades. In Figure 267b it can be seen that the maximal increase in yield strength values
at low G level  (233K, 200s-1) only amounts to around 200MPa in comparison to nearly 300MPa
for mild and HSS ferritic steels.
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The temperature sensitivity is also much lower than for previous investigated ferritic steels
(Figure 268d). The linear softening stress factors amounts to around 1,0 for dualphase and
multiphase steels. For mild and HSS steels it reaches values around 1,5. There is little differences
between the different steel grades investigated. The absolute yield stress increase for 233K at 100s-1
in comparison to room temperature amounts to only 100MPa, instead of nearly 150MPa for mild
and HSS steels (Figure 269e). Figure 270 shows a good correlation between experimental and
modelled 10 strain rate sensitivity results, except for HXT600XD(VDEh2) at room temperature in
the intermediate strain range. This singularly high 10 value cannot be captured by the modelling
approach chosen.
Table 41: DP/multiphase steels. (a) Microstructure/chemical composition; (b): Model parameters.
ASTM
LC:(Si/Mn/P+Cr)
+(Ti) HCT500X_VDEh1 0,078 0,08 1,50 0,015 0,45 n.d. n.d. 0,024 12 6
88%F+
12%M
LC:(Si/Mn/P +Cr) HCT600XD_VDEh2 0,094 0,11 1,52 0,008 0,75 0,015 0,007 0,002 12 6 92%F+8%M
LC:(Si/Mn/P+Cr) DD33X_VDEh1 0,067 0,04 0,93 0,042 0,53 - - - 80%F+20%M
LC:(Si/Mn/P+Cr)
+(Ti) HCT780XD_VDEh2 0,155 0,22 2,01 0,011 0,20 0,002 0,005 0,024
93%(F+B)
+7%M
CP LC:(Si/Mn/P+Cr)+(Ti) HDT900C_VDEh1 0,121 0,46 1,93 0,013 0,31 n.d. n.d. 0,160 13,5 <4
35%F
+65%(B+M)
*: F: ferrite / M: martensite / B: bainite
MnSiC
n.d.
NbCrPSteel gradeAlloyingconceptType
Ferrite
grain size Micro
structure*Ti
DP
Mo
n.d.
m
(a)
m' r2
MPa MPa - J s-1 %
HCT500X_VDEh1 347,0 535,8 2,32 1,09E-19 3,33E+07 92,4%
HCT600XD_VDEh2 353,2 542,0 1,74 1,02E-19 2,74E+07 96,8%
DD33X_VDEh1 393,0 679,5 2,40 1,13E-19 2,98E+08 96,9%
HCT780XD_VDEh2 533,8 824,5 6,39 1,73E-19 9,37E+06 94,3%
HDT900C_VDEh1 878,0 847,5 2,17 1,68E-19 5,35E+13 96,1%
Steel grade
.
00G0
*i
 (b)
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Figure 267: Dualphase and multiphase steels. Rp0,2 (a) and Rp0,2-i (b) vs. activation energy.
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Figure 268: Dualphase/multiphase steels: (c): Rp0,2, model vs. Rp0,2, experiment; (d): d/dTaverage [233K-373K],experiment.
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Figure 269: DP/multiphase steels. (e): Rp0,2(T)-Rp0,2(296K) vs. T, 100s-1; (f): Rp0,2-i vs.  , 296K.
Dualphase & multiphase steels
10 [0,005-20s-1]
0
20
40
60
80
100
233 296 373
Temperature, K
 1
0, 
M
Pa
.lo
g-
1 (
s-
1 )
HCT500X_VDEh1
DD33X_VDEh1
HCT600XD_VDEh2
HCT780XD_VDEh2
HDT900C_VDEh1
Dualphase & multiphase steels
10 [1-200s-1]
0
20
40
60
80
100
233 296 373
Temperature, K
 1
0, 
M
Pa
.lo
g-
1 (
s-
1 )
HCT500X_VDEh1
DD33X_VDEh1
HCT600XD_VDEh2
HCT780XD_VDEh2
HDT900C_VDEh1
(g) (h)
Figure 270: DP/multiphase steels: experimental/modelled 10-values. (g): [10-3-20s-1]; (h): [1-200s-1].
6.3.7. Low alloy TRIP steels and dualphase steels
Low alloy TRIP (HCT600TD, HCT690TD, HCT780T) and dualphase (HCT600XD, DD33X(HR),
HCT780XD) steels have been compared in the tensile strength range between 600MPa and 800MPa
(Table 42a). The fitting results are summarised in Table 42b and Figure 271a. They are based on
experimental results from chapter 5.5.7 and chapter 5.5.8. The fitting accuracy decreases with
increasing strength level as seen previously (Table 42b,  Figure 272c). Low alloy TRIP steels show
some rather low 0* values similar to dualphase steels, suggesting a comparable low strain rate
sensitivity.
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Table 42: Low alloy TRIP and DP steels. (a) Microstructure/chemical composition; (b): Model parameters.
ASTM
DP LC:(Si/Mn/P+Cr) HCT600XD_VDEh2 0,094 0,11 1,52 0,008 0,75 0,015 0,007 0,002 - 12 6 92%F+8%M
DP LC:(Si/Mn/P+Cr) DD33X_VDEh1 0,067 0,04 0,93 0,042 0,53 - - - - 80%F+20%M
LA TRIP CMnAl+(P) HCT690TD_VDEh1 0,202 0,05 1,53 0,010 0,02 n.d. n.d. 0,003 1,97 11,5 7 55%F+40%(B+M)+5%A
LA TRIP CMnAl+(P) HCT600TD_VDEh2 0,217 0,04 1,20 0,012 0,02 0,001 <0,001 0,003 1,44 93%F+7%(M+A)
DP LC:(Si/Mn/P+Cr)+(Ti) HCT780XD_VDEh2 0,155 0,22 2,01 0,011 0,20 0,002 0,005 0,024 -
93%(F+B)
+7%M
LA TRIP CMnSi+(P) HCT780T_VDEh2 0,198 1,68 1,67 0,011 0,02 0,002 0,004 0,004 0,04 80%F+20%(B+M+A)
*: F: ferrite / M: martensite / B: bainite / A: austenite
Si Mn P
n.d.
Cr Mo Nb Ti AlType Alloyingconcept Steel grade C
n.d.
n.d.
Ferrite
grain size Microstructure*
n.d.
m
(a)
m' r2
MPa MPa - J s-1 %
HCT600XD_VDEh2 353,2 542,0 1,74 1,02E-19 2,74E+07 96,8%
DD33X_VDEh1 393,0 679,5 2,40 1,13E-19 2,98E+08 96,9%
HCT690TD_VDEh1 400,0 207,8 3,50 5,26E-20 9,30E+02 96,1%
HCT600TD_VDEh2 411,0 761,1 6,25 1,72E-19 8,21E+06 87,4%
HCT780XD_VDEh2 533,8 824,5 6,39 1,73E-19 9,37E+06 94,3%
HCT780T_VDEh2 536,0 480,6 2,23 1,12E-19 1,64E+07 90,1%
Steel grade
.
00G0
*i
 (b)
In many ways HCT690TD steel grade shows a singular behaviour. Striking is the shift of
HCT690TD steel grade to lower activation energy values (Figure 271a) with some singularly low
0  values in comparison to all other steel grades (Table 42b). HCT690TD shows a particularly high
temperature sensitivity (Figure 272d) and a pronounced strain rate sensitivity at room temperature
in the higher strain rate range at lower G values (Figure 271a, Figure 273f). Figure 273e shows a
modelled temperature sensitivity which does not match experimental results of Figure 272d. So that
the HCT690TD steel grade should be considered apart from all other steel grades. Figure 271b
shows Rp0,2-G curves within a narrow scattering band for all steels investigated except for
HCT690TD steel. Apart from HCT690TD, there is no significant decrease of the temperature
sensitivity with increasing strength level (Figure 272d). For steel grades above 400MPa yield
strength, the strain rate sensitivity behaviour generally tends to be stabilised. With this regard,
dualphase and low alloy TRIP steels do not differ fundamentally.
Figure 274 shows a good correlation between experimental and modelled 10 strain rate sensitivity
results, except for HXT600XD(VDEh2) in the intermediate strain rate.
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Figure 271: Low alloy TRIP and dualphase steels. Rp0,2 (a) and Rp0,2-i (b) vs. activation energy.
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Figure 272: Low alloy TRIP/DP steels: (c): Rp0,2, model vs. Rp0,2, experiment; (d): d/dTaverage [233K-373K],experiment.
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Figure 273: Low alloy TRIP/DP steels. (e): Rp0,2(T)-Rp0,2(296K) vs. T, 100s-1; (f): Rp0,2-i vs.  , 296K.
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Figure 274: Low alloy TRIP/DP steels: experimental/modelled 10-values. (g): [10-3-20s-1]; (h): [1-200s-1].
6.3.8. High alloy TRIP steels
High alloy austenitic TRIP steels (1.4301, 1.4301(HR), 1.4376) have been considered separately
from ferritic steel grades (Table 43a). The fitting accuracy is good, as shown in Table 43b and
Figure 276c. The modelling has been performed based on experimental results given in
chapter 5.5.10.
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Table 43: High alloy TRIP steels: (a) Microstructure/chemical composition; (b): Model parameters.
ASTM
Standard
(metastable) X5CrNi18-10 1.4301_VDEh1 0,034 0,55 1,22 0,029 18,23 8,11 n.d. n.d. 0,050 8,5 19 100%A
Standard
(metastable) X5CrNi18-10 1.4301(HR)_VDEh1 0,045 0,44 1,26 0,024 18,12 8,52 n.d. n.d. 0,063 8 22 100%A
High alloyed
Mn+N X8CrMnNi19-6-3 1.4376_VDEh1 0,050 0,40 6,54 0,021 18,15 3,99 n.d. n.d. 0,151 9,5 13
5%
+95%A
*:A: austenite     :     ferrite
Austenite
grain size Micro
structure*
Type:
High alloy
TRIP steel
Alloying concept
austenitic
stainless
Steel grade C Si Mn P Cr Ni Mo Cu N
m

 
(a)
m' r2
MPa MPa - J s-1 %
1.4301_VDEh1 270,5 654,0 3,69 1,67E-19 7,03E+07 95,8%
1.4301(HR)_VDEh1 306,0 1247,3 5,24 1,82E-19 8,13E+07 98,3%
1.4376_VDEh1 350,0 1089,3 1,82 2,13E-19 1,04E+14 97,9%
Steel grade
.
00G0
*i
 (b)
High alloy TRIP steels show higher G0 maximum activation energy values in comparison to
ferritic steels. Cold and hot rolled 1.4301 steel grades show hereby a similar behaviour, the hot
rolled grade showing a steeper Rp0,2-G curve in the low G range. The m’ value influences the
curvature of the Rp0,2-G curves. A low m’ value results in a steeper slope, as shown in Figure 275a
and Figure 275b. A high m’ value results in a flat Rp0,2-G curve at high G values (high
temperature, low strain rate) and in a steep Rp0,2-G curve at low G values (low temperature, high
strain rate). This is also clearly shown in Figure 277f.
1.4376 steel grade shows some unusually high 0 values (Table 43b), which may be connected to a
much higher dislocation density of austenitic steels in comparison to ferritic steels as well as a
longer free dislocation path in austenitic single phased steels [79], [181]. Similar high 0  values
have been found for XIP and LIP steels in [63].
The temperature sensitivity results are coherent with the strain rate sensitivity results. Similar to an
investigation in [79], 1.4376 shows the highest experimental temperature sensitivity, even higher
than for mild or IF steels (Figure 276d). This is also confirmed for the modelling results, as shown
in Figure 277e.
The thermal activated yield stress increase is generally much higher for austenitic steels than for
AHSS steels at similar strength level (Figure 275b, Figure 277f). Cubic face centred austenitic
steels usually show an higher strain rate sensitivity than ferritic steels due to the lower amount of
gliding systems than for ferritic cubic centred steel grades [75]. Similar to ferritic steels, only
substitution elements may be effective in reducing the strain rate sensitivity behaviour of austenitic
steel grades. 1.4376 steel grade is significantly less Ni-alloyed than 1.4301, but more Mn- alloyed.
Ni may be more effective in influencing the strain rate sensitivity than Mn, if differences in the
strain rate sensitivity behaviour are to be based on a thermal activation mechanism. Figure 278
shows a relative good correlation between experimental and modelled 10 strain rate sensitivity
results.
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Figure 275: High alloy TRIP steels. Rp0,2 (a) and Rp0,2-i (b) vs. activation energy.
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Figure 276: High alloy TRIP steels: (c): Rp0,2, model vs. Rp0,2, experiment; (d): d/dTaverage [233K-373K],experiment.
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Figure 277: High alloy TRIP steels. (e): Rp0,2(T)-Rp0,2(296K) vs. T, 100s-1; (f): Rp0,2-i vs.  , 296K.
206  Discussion
High alloy TRIP steels
10 [0,005-20s
-1]
0
20
40
60
80
233 296 373
Temperature, K
 1
0, 
M
Pa
.lo
g-
1 (
s-
1 )
1.4301_VDEh1
1.4301(HR)_VDEh1
1.4376_VDEh1
High alloy TRIP steels
10 [1-200s
-1]
0
20
40
60
80
233 296 373
Temperature, K
 1
0, 
M
Pa
.lo
g-
1 (
s-
1 )
1.4301_VDEh1
1.4301(HR)_VDEh1
1.4376_VDEh1
(g) (h)
Figure 278: High alloy TRIP steels: experimental/modelled 10-values. (g): [10-3-20s-1]; (h): [1-200s-1].
6.3.9. Modelling results: overview
Some overview diagrams are illustrated herafter in order to summarise previous modelling results.
Figure 279 gives an overview of modelled thermal activated yield stress component Rp0,2* (Rp0,2-i)
versus thermal activation energy G for some selected steel grades. The slope of each Rp0,2* vs. G
curve is linked to the strain rate sensitivity 10 or m as follows:
The left side of each Rp0,2* vs. G curve corresponding to the low temperature and high strain rate
region, the right side to some high temperature and low strain rate. Similar to the slope of the Rp0,2*
vs. G curves, the strain rate sensitivity decreases with increasing strength level and increases with
decreasing G values, with either decreasing temperature or increasing strain rate.
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Figure 279: Modelled thermal activated yield stress Rp0,2-i versus activation energy, overview.
kT
mRp
kTG
Rp
.).10ln( 2,010
*
2,0 
8
8  (98)
Discussion 207
Figure 280 and Figure 281 show the temperature dependency of the modelled yield stress difference
at 100s-1 in the temperature range [233K, 296K] and [296K-373K] (Figure 280), as well as
[233K-373K] (Figure 281). The decrease in yield strength is most pronounced in the low
temperature range [233K, 296K]. The yield stress becomes rather insensitive to temperature with
increasing strength level. Austenitic steels show some higher temperature sensitivity of yield stress
in comparison to ferritic steels at similar strength level (Figure 280, Figure 281).
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Figure 280: Modelled |Rp0,2(T=233K / 373K, 100s-1)-Rp0,2(296K, 100s-1)|, overview.
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Figure 282 and Figure 283 give an overview about the modelled thermal activated yield stress
component Rp0,2* at 296K for all steels grades investigated at 1,10 and 100s-1 (Figure 282) and
versus quasistatic room temperature yield strength (Figure 283). At similar strain rate, the thermal
activated yield stress component is higher for mild, HSS and HSLA steels than for AHSS steel
grades. Austenitic steels build a clear exception with this regard, especially for 1.4376.
 Modelled thermal activated
yield stress, 296K
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Figure 282: Modelled thermal activated yield stress component Rp0,2(296K, 1/10/100s-1)-i , overview.
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Figure 283: Modelled thermal activated yield stress component Rp0,2(296K, 100s-1)-i vs. Rp0,2 (quasistatic, 296K).
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6.4. Influence of hardening mechanisms on strain rate sensitivity
Figure 284 shows the logarithmic strain rate sensitivity m versus quasistatic yield strength, averaged
over the whole strain rate range [10-3-200s-1] for all available data (Appendix A7, Appendix A8).
A strong dependency of m-values with strength level and microstructure is seen. Equations (62) and
(63) have been fitted successfully with similar model parameters, as proposed in [13] and [121].
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Figure 284: Average logarithmic strain rate sensitivity m vs. quasistatic yield strength overview
(=0,002; 296K; [10-3-200s-1]). VDEH1/2 and ECSC projects data (Appendix A8).
6.4.1. Solid solution softening effects
Solid solution hardening has been considered into detail, since this strengthening mechanism affects
directly the strain rate sensitivity behaviour of sheet steel grades. Mild, HSS and HSLA steels are
designed hereafter as ferritic single phased steels, as opposed to AHSS multiphase steels and high
alloy single phased austenitic TRIP steels, named hereafter as austenitic steels. As previously
explained in chapter 2.5.7, interstitial P element shows a solid solution strengthening contribution
around 10 times higher than substitutional Mn and Si elements. In order to investigate the influence
of solid solution softening on the strain rate sensitivity, the “solid solution parameter” SSP has been
introduced as defined in [200] as follows in order to take into account the much stronger solid
solution effect of phosphorous in comparison to silicon Si and manganese Mn:
10
(%)(%)(%) MnSiPSSP  (99)
The solid solution contribution of solute carbon or nitrogen in the ferrite has been neglected for
ferritic steel grades, since it is mostly fully bound into carbides. C and N are only soluted in ppm
amount in ferrite. Substantial quantity of soluted C and N are not used normally in order to avoid
some negative room temperature strain ageing behaviour [200]. Figure 285 shows the positive
dependency of yield strength and tensile strength versus solid solution softening parameter SSP.
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Figure 285: Yield strength and tensile strength vs. solid solution parameter (ferritic steels, 296K).
Figure 286 and Figure 287 show respectively the semi-logarithmic and logarithmic strain rate
sensitivity 10 and m plotted versus SSP solid solution parameter in the low and intermediate strain
rate range for ferritic steels. A decrease of 10 and m values is observed with increasing solid
solution parameter SSP. The results correlation is better in the low than in the intermediate strain
rate range. The solid solution softening is most efficient at low strain rate. At high strain rate, the
effect of solid solution hardening vanishes, with increasing scattering in experimental results.
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Figure 286: 10(0,002) versus SSP parameter (ferritic steels, low and intermediate strain rate, 296K).
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Figure 287: m(0,002) vs. SSP parameter (ferritic steels, low/intermediate strain rate, 296K).
Figure 288 shows the quasistatic logarithmic temperature sensitivity  versus quasistatic yield
strength at room temperature for ferritic steels according to Table 35 from chapter 6.2.5. The
logarithmic strain rate sensitivity || decreases strongly with increasing quasistatic yield strength
level. DC06, DC04 and HC180B steel grades show the highest temperature sensitivity (and strain
rate sensitivity m). The other steel grades show a lower temperature sensitivity (and strain rate
sensitivity), especially when considering HSLA steel grades up to 420MPa yield strength.
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Figure 288: Temperature sensitivity || vs. quasistatic yield strength (ferritic steels, 296K).
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The low and intermediate strain rate sensitivity 10 and m correlate more or less successfully with
the quasistatic temperature sensitivity ||, as shown in Figure 289 and Figure 290. The strain rate
sensitivity increases linearly with increasing temperature sensitivity. This is mostly seen in the low
strain rate range and more clearly for m values than for  values.
10, low (0,002)= 33,41|| + 9,337
R2 = 0,4235
10, inter(0,002) = 11,084|| + 46,266
R2 = 0,0302
0
20
40
60
80
100
0,2 0,4 0,6 0,8 1,0
Temperature sensitivity ||, -
 1
0, 
M
Pa
. l
og
-1
(s
-1
)
Beta [1-200/s]
Beta [0,005-20/s]
Figure 289: Low and intermediate 10 vs. temperature sensitivity || (ferritic/AHSS steels, 296K, =0,002).
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Figure 290: Low and intermediate m value vs. || (ferritic/AHSS steels, 296K, =0,002).
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Figure 291 shows the quasistatic temperature sensitivity || versus solid solution parameter SSP for
ferritic, AHSS and austenitic stainless steel grades. The temperature sensitivity decreases with
increasing solid solution alloying content, the same way as the strain rate sensitivity does. 1.4376
austenitic steel grades is strongly alloyed with a SSP parameter way outside the ferritic and AHSS
usual range. Its temperature sensitivity is even higher than for mild and IF steel grades.
|| = 0,1839*SSP-0,3268
R2 = 0,5277
0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,80
(Si+Mn)/10+P (SSP), %
Te
m
pe
ra
tu
re
 s
en
si
tv
ity
 | 
|, 
-
Mild
IF
HSIF
BH
IS
Rephos
DP
Multiphase
Low alloy TRIP
High alloy TRIP
Figure 291: Quasistatic temperature sensitivity || vs. SSP parameter (ferritic/AHSS/austenitic steels).
This investigation shows that the logarithmic strain rate sensitivity is directly correlated to the
temperature sensitivity || and solid solution content, which is coherent with a thermal activated
deformation mechanism. This behaviour has also been identified in [113].
6.4.2. Second phase hardening effects
Ferritic (mild, HSS, HSLA), AHSS (dualphase, TRIP and multiphase CP steels) as well as high
alloy austenitic TRIP steels are considered hereafter. Austenitic steels results are plotted in
diagrams but are not included for the fitting results, since they usually do not match with ferritic and
AHSS steel grades results.
Figure 292 shows the quasistatic temperature sensitivity || versus quasistatic yield strength for the
investigated steel grades. Similarly to the strain rate sensitivity, the temperature sensitivity
decreases strongly with quasistatic yield strength up to 400MPa. The decrease in temperature
sensitivity with increasing strength level is rather moderate at higher strength level for AHSS steel
grades. Austenitic steel grades show a pronounced temperature sensitivity in comparison to ferritic
and AHSS steel grades.
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Figure 292: Temperature sensitivity || vs. quasistatic yield strength (ferritic/AHSS/austenitic steels, 296K).
Figure 293 and Figure 294 show respectively the low and intermediate logarithmic strain rate
sensitivity m versus quasistatic temperature sensitivity. Except for austenitic steels, some linear
dependency of m-values can be recognised versus temperature sensitivity.
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Figure 293: m value vs. || (ferritic/AHSS/austenitic steels, =0,002, 296K, [10-3-20s-1]).
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Figure 294: m value vs. || (ferritic/AHSS/austenitic steels, =0,002, 296K, [1-200s-1]).
Figure 295 and Figure 296 show respectively the semi logarithmic and logarithmic strain rate
sensitivity versus hard phase content in the microstructure (bainite, martensite) for dualphase, TRIP
and multiphase sheet steel grades. A linear dependency can be observed, especially in the low strain
rate range. This supports the idea that only ferrite soft phase content may be responsible for the
strain rate sensitivity behaviour of sheet steel grades, the strain rate sensitivity being proportional to
the ferrite content, as explained in chapter 2.5.9 [96].
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Figure 295: Low and intermediate 10 value vs. hard phase content (296K, =0,002, AHSS steels).
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Figure 296: Low and intermediate m value vs. hard phase content (296K, =0,002, AHSS steels).
6.4.3. AHSS versus HSLA steels
Table 44 summarises the room temperature semi-logarithmic strain rate sensitivity values for all
investigated HSLA, AHSS and austenitic steel grades. Figure 297 shows the corresponding semi-
logarithmic strain rate sensitivity 10 of yield strength vs. quasistatic yield strength.
As observed in [74] and [91], the strain rate sensitivity of dualphase steels at 0,002 true plastic
strain is generally higher than for HSLA steels with a yield strength above 300MPa
(Table 44, Figure 297). This is mostly pronounced in the intermediate strain rate range. For HSLA
steels however the strain rate sensitivity does not decrease with increasing plastic strain as much as
for dualphase or low alloy TRIP steels, which can even show some negative strain rate sensitivity
values in the low strain rate range at 0,05 and 0,10 true plastic strain (Table 44,
HCT690TD_VDEh1).
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Table 44: Low ([10-3-20s-1]) and intermediate ([1-200s-1]) 10 value for investigated
HSLA/AHSS/austenitic steels  (=0,002/0,05/0,10; 296K).
[10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1]
HX260LAD_VDEh2 33 64 17 36 15 34
HC320LA_VDEh1 22 40 17 43 16 40
HX340LAD_VDEh1 19 40 14 33 16 32
HX340LAD_ECSC 17 36 17 40 15 34
S380MC_VDEh1 9 32 18 32
HX420LAD_VDEh2 13 55 14 45 14 45
HCT500X_VDEh1 13 48 2 14 8 18
HCT500XD_ECSC 13 44 -2 16 2 14
DD33X_VDEh1 16 34 3 20 6 20
HCT600XD_ECSC 12 52 1 27 5 25
HCT600XD_VDEh2 28 91 9 36 12 45
HCT780XD_VDEh2 18 29 1 31 4 46
Low alloy TRIP /
CMnAl+(P) HCT600TD_VDEh2 14 46 2 34 5 31
Low alloy TRIP /
CMnAl+(P) HCT690TD_VDEh1 10 38 -6 27 0 28
Low alloy TRIP /
CMnSiAl+(P/Mo) HCT690TD_ECSC 11 42 0 45 2 35
Low alloy TRIP /
CMnSi+(P) HCT780T_VDEh2 21 46 13 31 15 36
HDT780C_VDEh2 3 16 6 28 40
HDT900C_VDEh1 4 20 6 18
1.4301_VDEh1 14 41 11 20 10 26
1.4301 (HR)_VDEh1 18 58 20 27 15 31
1.4376_VDEh1 28 50 31 41 28 42
High alloy TRIP
MPa.log-1(s-1) MPa.log-1(s-1) MPa.log-1(s-1)
Dualphase
Multiphase
Steel grade
HSLA
Steel category
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
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Similar to experimental results in [74], the strain rate sensitivity of low alloy TRIP steels is slightly
lower than for dualphase steels at any strain level considered (Table 44, Figure 297). When
considering the static-dynamic ratio of yield strength for dualphase and low alloy TRIP steels, it can
be seen that dualphase steels show some higher dynamic ratio values at low yield strength level, the
differences vanish however with increasing strength level (Figure 298).
It should be however noticed that dynamic yield strength ratio and strain rate sensitivity as defined
in this work cannot be interpreted the same way, so that such comparisons should be interpreted
cautiously.
Multiphase steels show the lowest absolute strain rate sensitivity due to the athermal nature of
mainly bainitic-martensitic microstructure after second phase hardening as shown in previous
chapter 2.5.9.
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Figure 298: Static-dynamic ratio of yield strength for dualphase and low alloy TRIP steels (296K).
Some small differences in the strain rate sensitivity behaviour of low alloy TRIP steels can be
observed according to the alloying concept. Si-bearing low alloy TRIP steels show some higher
strain rate sensitivity than Al- or Al-Si bearing low alloy TRIP steels (Table 44, Figure 297).
This is coherent with the experimental results obtained in [96]. An increase of C-content in retained
austenite in Al-bearing low alloy TRIP steels significantly reduces the strain rate sensitivity in
comparison to Si-bearing low alloy TRIP steels, which is due to the increased austenite stability for
Al-bearing low alloy TRIP steels in comparison to Si-bearing low alloy TRIP steels.
6.4.4. Solid solution softening: thermal activation parameters
Figure 299, Figure 300, Figure 301 and Figure 302 show respectively the experimental thermal
activation model parameter 0*, 0 , G0 and m’, as determined in previous chapter 6.3, versus
solid solution parameter SSP [(Si+Mn)/10+P]. Figure 303 shows the thermal activation parameter
0* versus 0 . The linear correlation has been performed for all ferritic (mild, HSS, HSLA) and
AHSS steel grades categories, excluding the austenitic steels.
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The determined thermal activation model parameters match more or less the literature data gathered
in Table 6 and Table 7 in chapter 2.4.2.
0* and 0  decrease with increasing solid solution alloying content (Figure 299, Figure 300).
0* decreases also with decreasing 0  values as shown in Figure 303. G0 values do not depend
particularly on the solid solution content (Figure 301). The strain rate exponent value m’ increases
slightly with increasing solid solution content (Figure 302).
As shown in chapter 2.4, the strain rate sensitivity is generally decreased with decreasing thermal
stress 0* and with increasing m’ values. A decrease in 0  values however would rather bring an
increase in strain rate sensitivity. This decrease is linked to the reduced free dislocation path with
increasing amount of microstructure obstacles [38], [79].
The solid solution softening observed previously means that the decrease of 0* and increase of m’
values with increasing SSP parameter dominates the strain rate sensitivity behaviour. The decrease
of 0* with increasing alloying content has been also observed in [69].
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Figure 299: 0* vs. SSP solid solution parameter for investigated ferritic/AHSS/austenitic steel grades.
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Figure 300: 0  vs. SSP solid solution parameter for investigated ferritic/AHSS/austenitic steel grades.
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Figure 301: G0 vs. SSP solid solution parameter for investigated ferritic/AHSS/austenitic steel grades.
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Figure 302: m’ vs. SSP solid solution parameter for investigated ferritic/AHSS/austenitic steel grades.
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Figure 303: 0* vs. 0  solid solution parameter for investigated ferritic/AHSS/austenitic steel grades.
6.4.5. Influence of pre-straining and bake hardening
According to previous experimental results from chapter 5.6, 5.7 and 5.8, pre-straining with or
without subsequent bake hardening only affects the athermal stress component. The thermally
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activated stress component and therefore the strain rate sensitivity is not affected by pre-strain with
or without heat treatment.
Any modeling attempt should take into account the equivalent pre-strain amount as well as some
additional initial stress increment due to strain aging or bake hardening in the athermal stress
component. Those effects can be implemented in most existing dynamic models as presented in
chapter 2.2.5. The specificity of dynamic testing consists in the additional adiabatic heating effects
which interact with the dynamic flow stress level.
Through a mapping of equivalent forming pre-strain, the subsequent crash simulation of
pre-strained components can be accurately simulated based on the dynamic flow curve of the
as delivered material with the updated equivalent true pre-strain level.
The additional positive stress increment due to additional heat treatment such as bake hardening
after component forming can be also taken into account through BH0 or  BH2 values. Since the
effect of bake hardening is of athermal nature, it does not affect the thermal activated part of
dynamic models.
According to [74] for example, the Zerilli-Armstrong model for cubic centred materials can be
implemented, as introduced previously in chapter 2.2.5. The cold work contribution is taken into
account with the true pre-strain CW in equation (100). All other athermal stress components are
considered through the parameter C1, C2 and C3.
   )ln(...exp.).(),,( 65421 3   TCTCCCCT CCW  (100)
The quasistatic and dynamic flow curves for S235 and HCT600XD steel grades are shown in
Figure 304 and Figure 305 for the as delivered and pre-strained conditions without bake hardening
[23]. The flow curves of pre-strained conditions have been plotted shifted by the Mises equivalent
pre-strain amount along the X-axis.
The flow curve overlap is well achieved for dualphase HCT600XD steel grade (Figure 305) but not
for S235 steel grade (Figure 304), for which quasistatic and dynamic shifted flow curves are located
on a higher stress level as for the base material flow curve. It is assumed that strain ageing occurred
for this structural ferritic steel after pre-straining. Since the samples have been pre-strained and then
tested later without intermediate cooling, strain ageing may have appeared more or less, depending
on the ageing sensitivity of pre-strained steel grades. The pre-strained samples have been stored at
room temperature and not stabilised by a bake hardening heat treatment for example.
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Figure 304: Quasistatic and dynamic flow curves shifted from Mises equivalent pre-strain for S235 steel
grade (base material and pre-strained conditions) [23]. (a): 10-4s-1; (b): 100s-1.
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Figure 305: Quasistatic and dynamic flow curves shifted from Mises equivalent pre-strain for HCT600XD
steel grade (base material and pre-strained conditions) [23]. (a): 10-4s-1; (b): 100s-1.
Basically it has been concluded with industrial partners in [23] that the determination of dynamic
flow curves out of pre-strained material is not absolutely necessary. The implemented models in
commercial FEM software can take into account the influence of pre-strain with different forming
states and anisotropy factors quite accurately. The subsequent crash behaviour is then analysed
based only on the dynamic flow curves of base material, since pre-strain and bake hardening only
affect the quasistatic athermal stress component.
6.5. Interaction between pre-strain, adiabatic heating and TRIP effect
The interaction between pre-strain, adiabatic heating and TRIP effect has been investigated in this
chapter for 1.4318 (ECSC) steel grade in the as delivered and 10% uniaxial, biaxial and plane strain
pre-strained conditions. Some investigation results have already been published in [23] and [152].
The relative amount of martensite formed before and after dynamic tensile testing has been
determined by measuring the ferromagnetic character of the microstructure with a calibrated Fisher
Ferritscope® MMS [201]. Following investigation delivers a deeper understanding of negative
strain rate sensitivity effects, that have been observed experimentally in previous chapter 5.5.10 for
stainless austenitic steel grades.
6.5.1. Influence of stress triaxiality on quasistatic TRIP-effect
As mentioned in chapter 2.5.11, an increase in stress triaxility enhances the ;<’ martensite
transformation. This has been verified experimentally for investigated 1.4318 stainless austenitic
steel grade, in agreement with previous low alloy TRIP investigations [151].
The martensite content of pre-strained samples has been investigated before dynamic testing. Figure
306 shows the influence of a 10% equivalent pre-straining step on the amount of martensite content
formed. A much larger amount of martensite is formed in the plane strain condition in comparison
to uniaxial and biaxial conditions at nearly the same equivalent pre-straining level.
As observed in [151], increasing triaxiality accelerates the rate of martensite formation from
uniaxial to plane strain condition. Increasing further the triaxiality reverses however this trend, less
martensite is then formed in the biaxial condition, on a similar level as for uniaxial pre-straining.
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Figure 306: Influence of pre-straining condition on martensite formation (1.4318, 296K).
6.5.2. Influence of testing temperature on TRIP-effect
Quasistatic and dynamic tensile tests have been performed in the temperature range [25°C-300°C],
in order to investigate the influence of testing temperature on the ;<’ martensite transformation.
Figure 307 shows the corresponding amount of martensite formed in the uniform and fracture zones
of tensile test samples after deformation.
The TRIP effect is entirely suppressed for 1.4318 steel grade at a test temperature above 200°C
(Figure 307). At 100°C, the amount of martensite found after deformation is already reduced
considerably below 10% volume content, in comparison to 55-60% at room temperature. Dynamic
testing (100s-1) at 100°C decreases additionally the amount of martensite formed in comparison to
quasistatic testing due to additional adiabatic heating.
In [140], the temperature of tensile tests at or below which more than 30% martensite content is
formed after deformation has been measured for high alloy metastable austenitic stainless steels.
This critical temperature amounts to 0°C, 60°C and 40°C for 1.4301, 1.4318 and 1.4376 steel
grades respectively.
This means that for 1.4318 steel grade, at temperature above 60°C, less that 30% martensite should
be found in the deformed microstructure. This is in agreement with the present investigation, 1.4318
steel grade showing 10% martensite formed at 100°C and 60% martensite at 25°C in the fracture
zone (Figure 307).
According to Figure 307 and since adiabatic heating effects are expected to reach up to 200°C until
fracture, a strong interaction of strain rate with the TRIP effect, expressed in the amount of
martensite formed, should occur for 1.4318 steel grade.
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Figure 307:  Influence of temperature and strain rate on martensite content in the uniform and fracture
sample zones (1.4318, as delivered condition).
6.5.3. Isotherm-adiabatic transition, influence of sample geometry
The influence of strain rate and sample geometry on the TRIP effect has been investigated for
1.4318 steel grade in the quasistatic strain rate range [5.10-5-4.10-3s-1]. Usually in this strain rate
range almost no strain rate sensitivity is observed for ferritic steel grades. In the case of 1.4318 steel
grade however, some adiabatic softening effects are already observed at a quasistatic strain rate
below 10-4s-1 as shown in Figure 308 and Figure 309. A similar investigation has been carried out in
[202] under isothermal condition for 1.4301 steel grade, showing some significant differences in the
martensite content after uniaxial tensile deformation in the strain rate range [1,5.10-5 -1,5.10-3 s-1].
When performing quasistatic tensile tests, a strain rate of 8.10-3s-1 or 4.10-3s-1 is generally
prescribed, according respectively to EN10002 [188] or SEP1240 [37] testing method. Slower
quasistatic testing at 10-4s-1 for example would lead in this particular case to higher tensile strength
values than with the EN10002 method at 8.10-3s-1. This strong negative strain rate sensitivity should
be taken into account for the mechanical quasistatic characterisation of high alloy metastable TRIP
steels.
Figure 308a shows that tendentially more martensite is generated with dynamic samples
(L0=20mm) than with EN10002 samples (L0=80mm) for a given strain rate. The amount of formed
martensite decreases quite rapidly with increasing strain rate for both samples. This decrease in the
TRIP effect intensity is also seen indirectly in the flow stress level, which decreases significantly in
this quasistatic strain rate range [5.10-5 - 4.10-3 s-1] (Figure 308b).
According to Figure 309a, the yield strength values are the same for both tensile test geometry but
the tensile strength is higher for dynamic than for EN10002 samples. The uniform elongation is
approximately the same for both samples, the fracture elongation is higher for dynamic samples as
for EN10002 samples due to the shorter gauge length (Figure 309b).
Dynamic samples are much smaller than EN10002 samples, so that the heat generated during
plastic deformation can be evacuated faster through the grips with dynamic samples than for larger
EN10002 samples, which require more time to dissipate the accumulated heat. For this reason the
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adiabatic heating isotherm-adiabatic transition begins at a lower strain rate for EN10002 samples
than for dynamic samples.
Due to the low heat diffusion coefficient of austenitic steels, an increase of temperature in the
sample has also been observed in [64] at a strain rate already over 5.10-4 s-1. This is in agreement
with the present investigation results.
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Figure 308: Comparison between EN10002 (L0=80mm) and dynamic samples (L0=20mm) (1.4318).
(a): Martensite content in the uniform/fracture zone vs. strain rate; (b): Plastic flow curves vs. strain rate.
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Figure 309: Comparison between EN10002 (L0=80mm) and dynamic samples (L0=20mm) (1.4318)
(a): Yield and tensile strength vs. strain rate; (b): Uniform and fracture elongation vs. strain rate.
6.5.4. Dynamic softening effect
Figure 310a and Figure 310b show respectively the yield and tensile strength of 1.4318 steel grade
versus strain rate for the as delivered and pre-strained conditions.
Whereas the yield strength increases at any strain rate regularly with increasing equivalent pre-
straining, the tensile strength decreases in the low strain rate range up to 1s-1 for any material
condition. This decrease is most pronounced for the as delivered material and less pronounced for
the plane strain pre-strained condition (Figure 310).
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Figure 310: As delivered and pre-strained conditions (1.4318). Rp0,2 (a) and Rm (b) vs. strain rate.
Figure 311a and Figure 311b show respectively the uniform and fracture elongation versus strain
rate for the as delivered and pre-strained conditions for 1.4318 steel grade. The strain rate range
[10-4-100s-1] has been tested with the same dynamic sample geometry with a gauge length
L0=20mm on two different machines. Strain rates below 1s-1 have been tested on a Zwick
quasistatic tensile testing machine with a video extensometer for strain measurement (L0=20mm).
The strain rate range [1-100s-1] has been tested on the Roell-Amsler machine at the IEHK institute
with a ZimmerD extensometer for local strain measurement during dynamic sample testing. The
strain rate range  [10-4-100s-1] can be therefore considered for accurate ductility comparisons, free
from experimental artefacts (same sample geometry and local strain measurement).
As shown in Figure 311a and Figure 311b, the plane strain pre-strained condition shows the lowest
ductility in comparison to as delivered condition. 5% biaxial and 10% uniaxial conditions show
nearly the same ductility, between as delivered and plane strain conditions.
A slight decrease of fracture elongation is seen in Figure 311b for any condition within the strain
rate range [10-4-10-2s-1]. At higher strain rate above 10-2s-1, the fracture elongation increases with
increasing strain rate. Such a loss of ductility has also been observed in [146] for 1.4301 and 1.4318
austenitic steel grades in the low strain rate range.
The TRIP effect is increasingly suppressed in the adiabatic region above 10-2s-1. This leads to a loss
of ductility in comparison to isothermal testing at 10-4s-1, since the TRIP effect would otherwise
postpone necking and fracture to an higher strain level. At higher strain rates above 10-2s-1, the
deformation is rather monitored by adiabatic heating effects without microstructure changes. The
fracture elongation increases, as usually seen for ferritic steels, due to adiabatic heating softening
which regularly increases with increasing dynamic stress level (Figure 311b).
The uniform elongation in Figure 311a shows the same trends as for the fracture elongation, with a
tendency for early necking at 100s-1 in the 10% plane strain condition.
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Figure 311: As delivered and pre-strained conditions (1.4318). Ag (a) and A20 (b) vs. strain rate.
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6.5.5. Work hardening behaviour
The dynamic experimental flow curves for 1.4318 steel grade are given for each pre-strained
condition in Appendix B9 to Appendix B12. As shown in Figure 312, the characteristic sigmoid “S”
shape of the flow curves for 1.4318 is found for the as delivered and pre-strained conditions but
only in the low strain rate range. The “S” shape of the quasistatic flow curves are less pronounced
for biaxial and plane strain pre-strained conditions than for as delivered and 10% uniaxial
prestrained conditions (Figure 312a). In the high strain rate range, the flow curves do not show any
more the characteristic “S” shape for any condition, indicating a suppressed TRIP effect at higher
strain rate (Figure 312b).
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Figure 312: 1.4318 high alloy TRIP steel: quasistatic & dynamic flow curves (296K).
Base and pre-strained conditions. (a): 2.10-4 s-1; (b): 800-900s-1.
The work hardening rate and differential n-value have been determined, as described in [23], in
quasistatic (Figure 313) and dynamic (Figure 314) testing conditions (see also Appendix B13 to
Appendix B16). With increasing strain rate, the work hardening rate (Figure 313a, Figure 314a) and
differential n-value (Figure 313b, Figure 314b) decrease for any pre-straining condition.
Except for uniaxial pre-straining, which only shifts the maximum position of work hardening rate,
5% biaxial and particularly 10% plane strain pre-straining decrease the maximum quasistatic work
hardening rate (Figure 313a). The quasistatic differential n-value follows the same trend
(Figure 313b). The TRIP effect is trigered sooner in the pre-strained than in the as delivered
condition. Similar results have also been observed in [146] for 1.4318 steel grade in the 2H
pre-strained condition in comparison to the annealed 2B condition.
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Figure 313: 1.4318 (ECSC) high alloy TRIP steel: quasistatic testing (296K) base and pre-strained
conditions 10-4 s-1 (a): Work hardening rate; (b): Differential n-value.
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Figure 314: 1.4318 (ECSC) high alloy TRIP steel: dynamic testing (296K) base and pre-strained conditions
800-900s-1 (a): Work hardening rate; (b): Differential n-value.
6.5.6. Influence of strain rate and pre-straining on TRIP effect
Contrary to low alloy TRIP steels with a relatively low amount of retained austenite below 15%
volume content [151], a large amount of martensite that can exceed 50% volume fraction can be
formed during deformation of high alloy TRIP steels [146].
The martensite content has been determined for 1.4318 steel grade on broken dynamic tensile
testing samples and plotted versus strain rate for the as delivered and pre-strained conditions, both
in the uniform elongation region outside the necking zone (Figure 315a) and in the fracture zone
(Figure 315b).
Between 55% and 60% of martensite (vol. content) is generated after quasistatic testing for the as
delivered and pre-strained conditions in the dynamic sample fracture zone. With increasing strain
rate, the amount of transformed martensite decreases rapidly between 30% and 40% in the uniform
and fracture elongation zones. This decrease is more pronounced for the as delivered than for the
pre-strained conditions.
Similar results are obtained when measuring the martensite content in the uniform elongation or
fracture zone of broken dynamic samples. This indicates that most TRIP effect occurs at a strain
level below uniform elongation.
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Figure 315: Influence of strain rate and pre-straining on ;0<0’ transformation (1.4318)
(a): Uniform elongation sample zone; (b): Fracture sample zone.
Figure 316 and Figure 317 show the profile of martensite content on broken dynamic samples along
the longitudinal sample axe, between both sample heads, for the as delivered and pre-strained
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conditions with 1.4318 steel grade. A sharp increase of martensite content can be seen in the sample
gauge length region, corresponding to the uniform and fracture elongation zone.
Depending on the type of initial pre-straining, the initial martensite content before dynamic testing
amounts from 5% in the uniaxial and biaxial pre-strained condition up to 15% in the plane strain
pre-strained condition, as shown previously in Figure 306.
Increasing strain rate decreases the amount of martensite formed. The decrease is mostly
pronounced in the strain rate range [10-4-10s-1]. At higher strain rate, no significant decrease in the
amount of martensite takes place any more, as shown in Figure 316 and Figure 317.
In [140] it is similarly reported that the strain rate in the range [10-200s-1] did not affect much the
amount of martensite formed in the dynamic tensile tests. As seen in Figure 315, most decrease in
martensite content after fracture is seen in the low strain rate range up to 1-10s-1.
Preliminary pre-straining increases the final amount of martensite in the uniform and fracture zone
at strain rates above 10-2s-1 in comparison to as delivered condition. Since the TRIP effect is
strongly suppressed in the adiabatic region, the final martensite content after dynamic testing rather
depends on the initial martensite content before dynamic testing. The plane strain pre-strained
condition will therefore show the most martensite in the final microstructure and the least adiabatic
heating influence on microstructure and mechanical properties.
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Figure 316: Martensite content profile along fractured dynamic tensile samples (1.4318).
(a): As delivered; (b): 10% uniaxial pre-strained.
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Figure 317: Martensite content profile along fractured dynamic tensile samples (1.4318).
(a): 5% biaxial pre-strained; (b): 10% plane strain pre-strained.
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6.5.7. Adiabatic heating calculations
Figure 318 shows the calculated adiabatic temperature increase up to uniform elongation (tensile
strength). The adiabatic temperature increase has been calculated according to equation (101), as
previously described in chapter 2.3:
.22/ 

F d
cp
. (101)
Cp is assumed to be constant and set to 477 J.Kg-1.K-1 for austenitic steels ([62], [149]). F is the
fraction of energy transferred into heat, which is set to 0,9.
The maximum decrease in tensile strength has been plotted for each condition versus the calculated
adiabatic temperature increase (until uniform elongation) for the strain rate (1-10s-1) with the lowest
tensile strength value (Figure 318).
Plane strain pre-straining brings the lowest adiabatic heating (60°C), biaxial and uniaxial
pre-straining show some higher adiabatic heating around 70°C. In the as delivered condition the
adiabatic heating reaches almost 100°C until tensile strength (Figure 318).
An adiabatic temperature increase results in a decrease of the martensite content in the
microstructure. Adiabatic heating increases indeed the stability of the austenite matrix and
suppresses the TRIP effect.
The ductility is decreased with increasing amount of martensite formed until fracture. 10% plane
strain pre-strained condition shows a significant lower ductility than biaxial and uniaxial pre-
strained condition at nearly the same 10% equivalent pre-straining level (Figure 311).
Consequently, the lower the ductility, the lower the adiabatic temperature increase, the less the
tensile strength decreases in the intermediate strain rate range up to 10s-1.
Pre-strained conditions show a less pronounced decrease of the tensile strength, which can be
explained with the loss of ductility and therefore a smaller adiabatic effect. The type of pre-straining
is also important. With 10% plane strain pre-straining, the ductility (and adiabatic heating) is
reduced most, the initial martensite content is also higher in comparison to uniaxial and biaxial pre-
straining.
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6.5.8. Summary
On the one hand plane strain pre-straining brings the highest initial martensite content in the
microstructure, which remains later in the microstructure, independently from subsequent dynamic
testing or adiabatic heating. On the other hand plane strain pre-straining reduces the ductility and
the magnitude of adiabatic heating the most effectively during dynamic testing in comparison to
other pre-strained conditions. So that the TRIP effect is less prevented under dynamic testing
conditions than for other pre-strained conditions with an higher adiabatic heating effect
(Figure 318). As a result of both effects, the final amount of martensite after dynamic deformation
is the highest for the plane strain pre-strained condition. The adiabatic softening effect in tensile
strength, although not fully prevented, is reduced most effectively with initial plane strain pre-
straining in comparison to the as delivered condition.
Some similar conclusions have been drawn in [146] for 1.4301 and 1.4318 steel grades in the
as delivered and 2H pre-strained conditions. The dynamic behaviour of the investigated 1.4318 steel
grade considered in this work has also been successfully modelled in [142], taking into account the
interaction of adiabatic effects with the TRIP effect by means of an extended Rusinek-Klepaczko
modelling approach.
6.6. Conclusions
In this discussion chapter, it has been shown that all investigated automotive sheet steel grades
match a thermal activation modelling approach in the strain rate range [10-3-103s-1] and temperature
range [233-373K]. As shown with low temperature testing for a mild steel, this strain rate and
temperature range is well suitable for accurate thermal activation modelling. The thermal activation
modelling is also suitable to model the strain rate sensitivity behaviour.
The critical athermal strain rate below which the deformation process is athermal and the critical
athermal temperature above which the deformation behaviour is athermal have been determined.
The higher the testing temperature, the higher the critical athermal strain rate. The critical athermal
strain rate lies at 233K well below 10-6s-1, at 296K it ranges between 10-3 and 10-5s-1 and at 373K
between 10-1 and 10-3s-1. The higher the strain rate, the higher the critical athermal temperature. At
0,005s-1 the critical athermal temperature ranges from 320K to 350K, at 1s-1 it is increased to about
400-450K and at 100s-1 it reaches 500-550K.
The athermal deformation regime is characterised by a negligible strain rate sensitivity. The strain
rate sensitivity increases in the thermal activated regime. Especially in the low strain rate sensitivity
region [10-3-20s-1], the influence of temperature is therefore pronounced on the strain rate
sensitivity.
With increasing strain rate, the strain rate sensitivity increases for any temperature. With increasing
temperature above 233K, the strain rate sensitivity generally decreases but not necessary. At high
strain rate above 100s-1, the strain rate sensitivity may not necessary decrease, if it reaches its
absolute maximum between 233K and 373K. The temperature range between 233K and 373K,
which is relevant for automotive applications, is located in a transition region, where the strain rate
sensitivity may reach its maximum especially in the higher strain rate regions.
The strain rate sensitivity decreases with increasing true plastic strain especially for low strength
steel grades, which is due partly to a gradual exhausting of work hardening potential and in a lesser
extent to some adiabatic softening effects. The adiabatic heating effect alone cannot account for the
decrease of strain rate sensitivity with increasing strain, especially in the low strain rate range. The
apparent strain rate sensitivity takes into account the forming history. Tanimura-Ludwik and
Rusinek-Klepaczko modelling approaches can take into account the decrease of strain rate
sensitivity with increasing plastic strain. The strain rate dependency of strain hardening value
decreases with increasing strength level. A similar trend is observed when considering the strain
dependency of m value.
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The strain rate sensitivity is significantly reduced by solid solution softening (Si, Mn and P) for
ferritic steels. For AHSS steel grades it is additionally reduced by second phase hardening due to
the athermal nature of hard bainitic and martensitic phases deformation. The strain rate sensitivity
and temperature sensitivity follow quite similar trends. The strain rate sensitivity of low alloy TRIP
steels is slightly lower than for dualphase steels at any strain level considered. Al-bearing low alloy
TRIP steels show some lower strain rate sensitivity than Si-bearing low alloy TRIP steels, which is
due to the higher retained austenite stability for Al-bearing low alloy TRIP steels in comparison to
Si-bearing low alloy TRIP steels.
High alloy TRIP steels show some strong interaction between strain rate, adiabatic heating
temperature increase, initial pre-straining triaxility and TRIP effect.
Thermal activation parameter 0* decreases and m’ increases with increasing solid solution alloying
content and hard phase content. Both parameters show the most significant influence on the strain
rate sensitivity. Pre-straining and bake hardening do not influence significantly the strain rate
sensitivity behaviour, which can be modeled with a conventional modeling approach, without
having to test additionally pre-strained and/or bake hardened materials.
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7. Concluding remarks
7.1. Influence parameters on strain rate sensitivity
Strain rate sensitivity can be defined either in a semi-logarithmic or logarithmic way, delivering
respectively 10 or  m  values. 10 values correspond to the stress increment for each strain rate
decade increase and are well suitable for material comparison. The m values have been also
determined but more for modelling objectives. The focus has been laid on the “apparent” strain rate
sensitivity determined based on multiple dynamic flow curves at constant strain rate. In this work it
has been shown that m values cannot be considered as a constant material parameter. Similar to the
strain hardening coefficient n, the strain rate sensitivity is dependent on strain rate, temperature and
plastic deformation.
The strain rate sensitivity decreases with increasing plastic strain level. Since the apparent strain
rate sensitivity takes into account the forming history, this decrease is due partly to a gradual
exhausting of work hardening potential and to some adiabatic softening effects. Similar to the
n-value, the strain rate sensitivity at low strain level below 0,05 true strain is somehow
overestimated, an average strain rate sensitivity value up to 0,10 true strain or uniform elongation
would be more representative for the overall strain dependent dynamic behaviour. Similar to
n-values, the m-values reaches some plateau value over 0,05 true strain up to uniform elongation.
The temperature dependency of the strain rate sensitivity of sheet steel grades in the temperature
range from -40°C to 100°C cannot be neglected, especially for mild and HSS steel grades. The
temperature dependency of the strain rate sensitivity is reduced for high strength sheet steel grades.
For automotive crash component design, it is therefore necessary to test different temperatures, the
material being much more strain rate sensitive at low temperature than at high temperature.
The strain rate dependency of the strain rate sensitivity cannot be neglected either. A distinction
between low [10-3-20s-1], intermediate [1-200s-1] and high [102-103s-1] strain rate range is therefore
proposed. The strong strain rate dependency of the strain rate sensitivity is often omitted when
considering literature data. This brings some ambiguity when comparing experimental results. In
the strain rate range [10-3-200s-1] it is also still possible to consider the average strain rate sensitivity
that can be used as a reference, already taking into account the average strain rate effects.
The strain rate dependency of the strain rate sensitivity is most pronounced for low strength steel
grades in comparison to high strength steel grades. When considering the material energy
absorption capability, low strength steel grades compensate their low strength level with a strong
strain rate sensitivity. High strength steel grades however compensate their low strain rate
sensitivity with their high strength level.
It has been shown that the dynamic behaviour in the strain rate range [10-3-200s-1] and temperature
range [233-373K], as found for typical automotive crash conditions, is clearly thermally activated
for a wide range of automotive sheet steels. This means that an increase in strain rate is nearly
equivalent to a decrease in temperature. This strain rate-temperature reciprocity means that
investigating the material behaviour at low temperature at low strain rate can predict quite
effectively the high strain rate behaviour at room temperature.
The strain rate sensitivity is also strongly dependent on the microstructure investigated. The strain
rate sensitivity decreases strongly with increasing strength level, especially below 400MPa yield
strength or 500MPa tensile strength, and is stabilised at a low level for AHSS and UHSS steel
grades.
The strain rate sensitivity decreases for single phase ferritic mild, HSS and HSLA steel grades,
mainly due to solid solution alloying with Mn, Si and P elements. Solid solution alloying is a short
range mechanism introducing substitution point defects in the crystal lattice, which decrease locally
the Peierl’s stress level and therefore the strain rate sensitivity. Long range mechanisms such as
precipitation hardening, grain refinement or cold work do not influence the strain rate sensitivity,
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since such long range obstacles cannot be overcome by dislocations with the help of thermal
activation. Similar to solid solution softening observed at low temperature, solid solution alloying
decreases the strain rate sensitivity at high strain rate.
It can be assumed that only the ductile ferrite phase determines the strain rate sensitivity of steel
grades, the deformation of hard phases such as bainite and martensite being more of athermal
character. With increasing second hard phase content, the strain rate sensitivity decreases due to the
decrease of relative volume content of ferrite in multiphase steels.
Low and high alloy TRIP steels build a particular case with a strong influence of the TRIP effect on
the strain rate sensitivity. The TRIP effect decreases the strain rate sensitivity in low alloy TRIP
steels in comparison to dualphase steels. The interaction of the TRIP effect with strain rate and
plastic deformation could be best observed for high alloy TRIP steels such as 1.4318.
Microstructure investigations show a significant decrease in the TRIP effect intensity at strain rates
above 1s-1 in the necking and fracture zone of dynamic broken samples, which is related to an
adiabatic temperature increase. This results in an unusual negative strain rate sensitivity. In the high
strain rate and strain range, the TRIP effect is anyway almost prevented, the strain rate sensitivity is
positive as normally seen for sheet steel grades.
Uniaxial, plane strain or biaxial pre-straining at equivalent strain between 0,02 and 0,11 does not
bring any significant influence on the strain rate sensitivity of sheet steels in comparison to the
as-delivered material. A bake hardening heat treatment with or without pre-straining does not
influence the strain rate sensitivity significantly neither. Forming and/or bake hardening do not
affect particularly the subsequent strain rate sensitivity in crash conditions. Cold work or bake
hardening introduce obstacles to dislocations, which are rather of athermal nature, so that the strain
rate sensitivity is not influenced.
High alloy TRIP steels must however be considered apart, since the magnitude of the subsequent
TRIP effect can be increased effectively with increasing pre-straining level. The higher the
equivalent pre-straining amount, the most effective the TRIP effect can develop due to the reduced
adiabatic temperature increase, which is a consequence of the lower ductility of the pre-strained
condition. High equivalent pre-straining level such as 10% plane strain pre-straining, while not fully
preventing adiabatic stress softening with a negative strain rate sensitivity, at least slows down the
magnitude of dynamic stress softening quite effectively.
This experimental work has been performed with the same servohydraulic machines and testing
techniques for a wide range of typical automotive sheet steel grades. It allows therefore some
reliable comparisons between different alloying concepts and helps to identify the effective
influence parameters on the strain rate sensitivity, such as strain rate, temperature, plastic
deformation, solid solution alloying, second phase hardening and TRIP effect. This work delivers
additionally a wide database for strain rate sensitivity values of automotive sheet steel grades,
which can be referred to for further experimental and modelling investigations.
7.2. Outlook
Dynamic testing is strongly influenced by testing methods, which is by far not fully investigated
yet. Some ideas for further work are presented in this field. Additionally some modelling trends are
given in order to limit the amount of experimental testing work for the steel and automotive
industry.
7.2.1. Experimental set-up improvements
Better experimental dynamic displacement recording device should be implemented in order to
improve the experimental strain measurement under dynamic loading conditions. The use of
optoelectronic high speed extensometers locally in the sample gauge length region improves
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significantly the strain recording quality for dynamic flow curve determination in comparison to
conventional LVDT global piston displacement measurement.
The influence of the sample geometry on the shape of dynamic flow curves should be investigated
systematically by means of FEM simulation, in combination with materials mechanical properties,
for example when considering materials with a low yield ratio. Strain and stress field homogeneity
in the gauge length and sample shoulder region should be characterised more into depth, since this
may affect the accuracy of dynamic flow curves.
A FEM modelling of the vibration behaviour of the servohydraulic machine could be performed in
order to optimise even more the test set-up by increasing the Eigen frequency of vibrations and
decreasing their amplitude.
It would be also helpful to design a dynamic “stopper” sample clamping device in order to interrupt
dynamic tests at a definite strain level as implemented in [135]. Usually dynamic samples are tested
up to fracture and the microstructure can only be characterised in the uniform and necking zone of
broken samples. Changes in microstructure, twinning effects and evolution of dislocation
substructure could be revealed continuously with gradually increasing strain level for TRIP or
TWIP steels for example.
In order to fit the stress versus strain rate over the whole strain rate range with 2nd or  3rd degree
polynomials, some additional low strain rate data between 5.10-3 and 1s-1 would be necessary for
example at 10-1s-1 at least. This way a suitable polynomial fitting of stress versus strain rate can be
applied, without mathematical oscillations artefacts in the polynomial fitting results.
In this investigation the apparent strain rate sensitivity has been determined with flow curves
determined at constant strain rate, in opposition to the instantaneous material inherent strain rate
sensitivity, which is determined with strain rate jump tests during dynamic deformation. Such tests
can be performed up to 10-1s-1 on quasistatic machines [7]. Over 1s-1 this is a challenging task, since
servohydraulic machines usually operate in an open loop regime.
Split-Hopkinson machines are able to test higher strain rates above 200-300s-1 with almost vibration
free load signals in comparison to servohydraulic dynamic testing machines. Both techniques are
therefore complementary. There is however a common understanding, at least within the German
automotive industry, that dynamic data are only needed up to 200-250s-1. Additional dynamic data
in the strain rate range [200-1000s-1] are not mandatory, even though it improves the strain rate
modelling accuracy. However some compromise must be found in order to limit the testing costs
both for steel and automotive industry.
The trend towards high strength steel grades with low ductility for lightweight autobody design
makes the dynamic testing even more challenging. Low fracture elongations below 10% for UHSS
or pre-strained material reduce the strain range of dynamic flow curves dramatically, so that flow
curves extrapolation up to 1,0 true strain cannot be performed properly. Alternative dynamic testing
methods could be developed such as dynamic compression or dynamic shear tests, the later
technique being most promising for thin sheet steel testing. Much higher true strain level can be
reached with such alternative techniques, which consequently improves the strain extrapolation
accuracy of dynamic flow curves.
Adiabatic heating effects have been modelled in this work on a pure analytical basis, the results of
which being consistent with literature data. Some experimental work has been performed in [55],
[63] or [199] with infrared dynamic camera for example for TRIP or TWIP steels. On the modelling
side, there is a strong need to identify experimentally the strain rate range in which the isotherm-
adiabatic transition occurs and how it is affected by the dynamic sample geometry and experimental
set-up. There is indeed a strong coupling between n-value, m value and adiabatic temperature
increase.
7.2.2. Modelling trends
Dynamic flow curves for cold rolled sheet steels are widely available by now. There is however
some need for similar dynamic data by hot rolled sheet steels, which are usually tested with round
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bar dynamic samples. Structural steels may well be tested for earthquake application. AHSS hot
rolled steels are also increasingly required for automotive applications in trucks especially.
m values as such are not explicitly required for crash simulations, for which dynamic flow curves or
more complex constitutive modelling than the extended Hollomon equation are already
implemented. m values are rather required for forming simulations as material data in order to
model for example the strain rate dependency of forming limit curves (FLC) or the microstructure
dependency of hole expansion values (HET). There is a wide understanding within the IDDRG
working group that better forming simulations results would be obtained, if m values were
determined over a wide strain rate range. Until now most available data in the literature have been
determined up to 10-1s-1, which delivers clearly underestimated m values. There is therefore a
growing need for average m-values determined over a wider strain rate range. Forming analysis
benefits therefore indirectly from available crash data in the strain rate range [10-3-200s-1].
Modelling trends move increasingly towards a micro-macro modelling approach, in which the
dynamic behaviour of each single constituent phase is determined individually. The overall
composite dynamic behaviour of multiphase materials is then reconstituted with a rule of mixture,
according to the relative proportion of phases in the microstructure. This is a promising approach,
allowing some more systematic monitoring of the dynamic behaviour of multiphase sheet steel
grades.
Dynamic testing remains a challenging experimental task, which is relatively time and cost and
know how intensive. Given the wide dynamic database available, systematic testing of each steel
grade is not absolutely necessary any more, at least for mild and HSS steel grades. For those ferritic
steels, the dynamic behaviour is mainly influenced by solid solution alloying. Ferritic steel grades
should therefore show the same dynamic behaviour for an equivalent solid solution alloying
concept, with regard to Mn, Si and P content. Other strengthening mechanisms such as grain size
refinement, precipitation hardening or cold work only increase the athermal stress component,
without affecting the strain rate sensitivity [194]. For AHSS steel grades, the second phase
hardening lowers additionally the strain rate sensitivity together with solid solution alloying of
ferrite phase. Since both mechanisms interact, it is more difficult to establish general rules for the
strain rate sensitivity behaviour so that individual steel testing may still be required.
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9.  Appendixes
9.1. Appendix A: Numerical values strain rate sensitivity: base materials.
T Rp0.2 Rm Ag AL80
K MPa MPa % % % % % % % %
233 257 338 25,0 40,5 46 99,8% 52 96,6% 41 99,8% 51 94,6%
296 140 284 25,0 43,7 46 98,0% 69 98,3% 26 89,2% 64 96,8% 21 82,5% 61 96,0%
373 116 246 26,0 42,0 22 90,7% 55 95,4% 9 77,6% 34 87,9% 10 83,3% 29 91,2%
233 273 353 24,1 40,1 42 98,5% 44 95,3% 37 97,8% 49 95,1%
296 185 299 23,3 40,4 32 99,7% 46 94,6% 20 98,4% 43 93,1% 17 97,8% 39 91,5%
373 168 264 24,5 39,1 12 81,2% 35 83,9% 8 72,9% 23 76,4% 10 85,4% 21 80,8%
233 274 355 22,2 44,3 47 99,0% 46 96,8% 40 98,9% 49 97,5%
296 200 310 20,9 37,1 33 94,8% 51 99,1% 19 84,9% 46 98,9% 16 83,6% 40 98,7%
373 181 281 23,0 33,1 15 78,1% 42 99,1% 7 66,1% 25 98,0% 10 71,4% 23 97,2%
233 313 437 22,8 34,2 35 93,4% 65 98,6% 25 86,8% 59 98,0% 21 80,2% 54 97,5%
296 274 382 20,3 33,2 18 86,2% 41 99,0% 11 91,8% 26 96,2% 12 90,3% 24 97,8%
373 259 360 20,1 27,6 11 71,8% 30 98,4% 7 63,9% 17 95,9% 10 68,4% 18 82,5%
233 338 414 21,5 33,2 43 91,3% 66 96,6% 39 84,0% 72 97,0%
296 275 363 20,3 33,1 28 92,2% 53 99,0% 22 83,7% 58 97,6% 19 82,7% 58 95,4%
373 255 328 22,0 34,4 7 79,6% 15 76,6% 7 81,7% 17 87,3% 10 89,9% 18 87,4%
233 362 404 17,7 36,1 39 97,9% 41 96,9% 38 98,2% 50 99,7%
296 293 352 16,4 31,8 29 96,0% 42 96,5% 20 92,1% 47 97,5% 19 97,6%
373 272 328 14,3 17,6 10 75,5% 26 88,9% 5 81,9% 25 86,3% 8 93,7% 22 90,1%
233 340 457 21,7 35,9 36 90,8% 55 96,5% 26 74,8% 59 97,5% 21 66,4% 55 97,2%
296 299 404 19,8 33,3 19 86,0% 45 98,3% 12 86,8% 45 85,9% 10 88,5% 49 79,7%
373 276 365 19,9 30,8 7 48,1% 38 80,5% 9 53,5% 30 90,8% 10 51,7% 31 87,9%
233 359 498 19,0 24,6 28 86,5% 48 95,0% 16 65,7% 46 95,7% 14 50,1% 46 93,6%
296 315 439 18,4 30,1 16 81,2% 41 97,6% 9 76,2% 40 85,3% 11 78,7% 45 83,0%
373 294 406 19,3 26,6 6 73,3% 24 91,8% 6 84,0% 12 91,4% 9 80,4% 18 96,9%
233 379 1068 34,6 35,6 16 86,7% 42 94,3% 22 98,3% 12 66,9% 29 99,1% 30 97,9%
296 326 693 50,9 55,0 14 65,1% 41 97,4% 11 91,4% 20 83,8% 10 78,9% 26 87,6%
373 267 552 44,9 52,3 15 62,4% 51 98,8% 10 82,1% 29 89,1% 6 49,0% 30 90,4%
233 478 850 58,8 72,0 63 96,9% 26 86,3% 32 93,8%
296 352 645 42,3 49,8 18 87,4% 58 94,1% 20 97,9% 27 86,8% 15 93,9% 31 86,7%
373 297 551 34,3 43,0 16 86,3% 44 92,8% 14 88,0% 18 72,4% 9 70,3% 21 83,1%
233 410 499 16,3 28,1 38 99,1% 42 98,3% 27 94,5% 47 99,4% 16 99,1% 49 99,6%
296 355 432 14,4 26,9 19 91,5% 40 97,7% 14 91,3% 33 97,9% 16 95,1% 32 98,7%
373 332 400 15,0 22,7 5 65,5% 36 83,6% 7 90,9% 23 81,1% 10 94,8% 27 90,1%
233 398 607 15,9 23,2 27 97,6% 35 94,2% 15 76,2% 23 81,2% 15 77,4% 30 92,2%
296 363 541 15,3 25,0 13 55,8% 48 98,7% 2 14,8% 14 63,6% 8 74,0% 18 83,2%
373 347 495 16,9 23,7 8 61,7% 45 88,7% 0 0,6% 16 51,9% 6 69,4% 21 75,4%
233 458 532 16,6 22,3 41 97,4% 41 91,4% 33 97,5% 47 95,1%
296 386 463 14,9 23,6 22 92,9% 40 94,0% 17 91,5% 43 92,5% 16 91,2% 40 90,0%
373 373 441 15,4 22,4 5 93,6% 30 75,2% 6 98,4% 20 80,2% 8 98,4% 15 84,3%
233 434 646 17,0 24,2 23 92,9% 37 82,2% 12 58,6% 38 97,0% 9 52,3% 37 93,0%
296 397 576 16,8 24,9 16 93,4% 34 94,9% 3 39,4% 20 83,1% 6 72,7% 20 86,1%
373 392 534 17,8 21,6 3 53,3% 24 91,5% 0 0,1% 12 73,7% 3 41,1% 19 83,4%
233 408 825 16,9 22,5 15 93,7% 50 87,3% -21 90,1% 37 55,2% -10 63,6% 29 69,3%
296 420 706 20,1 25,1 10 79,7% 38 90,1% -6 52,1% 27 64,1% 0 1,3% 28 57,0%
373 398 594 25,3 31,5 9 71,7% 48 85,8% 0 0,2% 23 77,6% 5 47,2% 26 86,3%
233 585 1190 39,4 40,0 35 99,6% 34 98,0% 38 76,8% 50 66,5% 44 87,0% 52 74,7%
296 449 776 45,4 50,5 28 89,4% 50 93,0% 31 94,8% 41 95,7% 28 90,9% 42 94,8%
373 355 645 41,5 47,7 28 93,8% 70 88,8% 28 93,5% 53 95,6% 25 86,1% 54 97,2%
233 507 545 12,2 25,2 5 62,0% 57 76,0%
296 462 497 10,9 20,8 9 71,9% 32 93,7% 18 93,4% 32 97,0%
373 435 461 10,3 16,1 3 47,0% 22 79,1% 10 94,9% 20 84,0% 12 97,1% 22 85,1%
233 930 1010 7,2 8,1 23 95,4% 30 91,9% 12 79,1% 29 77,1%
296 914 963 8,0 12,1 4 47,0% 20 81,8% 6 35,5% 18 37,4%
373 879 935 7,4 10,3 0 0,0% 11 39,2% 3 6,5% 20 50,8%
- (0,005/s n.d).: strain rate 0,005/s not tested: strain rate sensitivity cannot be determined
-                ;                         : dynamic true stress below 0,10 / 0,05 true strain: strain rate sensitivity cannot be determined
[10-3-20s-1] [1-200s-1][10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1]
- (0,005/s n.d.) - (0,005/s n.d.) - (0,005/s n.d.)
Steel grade
DC06_VDEh1
DC04_VDEh1
HC180B_VDEh1
HC260B_VDEh1
               -
               -
S380MC_VDEh1
HDT900C_VDEh1
HC320LA_VDEh1
DD33X_VDEh1
HCT690TD_VDEh1
1.4376_VDEh1
1.4301_VDEh1
1.4301 (HR)_VDEh1
HX340LAD_VDEh1
HCT500X_VDEh1
HC260i_VDEh1
DD13_VDEh1
HX260YD_VDEh1
HC260P_VDEh1
               -
               -
               -
               -
               -
               -
               -
               -
   -
               -
               -
)002,0(10 )05,0(10 )05,0(10
)10,0(10 )10,0(10
10,06Dyn
10,06Dyn
10,06Dyn
10,06Dyn
10,06Dyn
10,06Dyn
05,06Dyn10,06Dyn
10,06Dyn
10,06Dyn
2r 2r 2r 2r 2r 2r
10,06Dy n
10,06Dyn
10,06Dyn
10,06Dyn
05,06Dyn
)002,0(10
Appendix A 1: Semi-logarithmic strain rate sensitivity 10 at 0,002/0,05/0,10 true plastic strain
(VDEh1 project, low and intermediate strain rate ranges).
Appendixes  251
T Rp0.2 Rm Ag AL80
m(0,00 2)
[1-200s-1]
m (0,05)
[1-200s-1 ]
m(0, 10)
[1-200s-1]
K MPa MPa % % % - % % - % % - %
233 257 338 25,0 40,5 0,059 99,9% 0,049 96,6% 0,047 99,8% 0,045 94,8%
296 140 284 25,0 43,7 0,093 99,7% 0,097 98,9% 0,040 92,0% 0,080 98,2% 0,028 84,7% 0,069 97,6%
373 116 246 26,0 42,0 0,061 94,7% 0,115 98,1% 0,017 78,7% 0,057 89,8% 0,016 84,1% 0,041 91,9%
233 273 353 24,1 40,1 0,053 98,4% 0,044 95,1% 0,041 98,3% 0,045 95,0%
296 185 299 23,3 40,4 0,059 99,2% 0,062 96,4% 0,029 99,1% 0,052 94,9% 0,022 98,5% 0,043 93,1%
373 168 264 24,5 39,1 0,028 82,7% 0,066 84,8% 0,013 74,0% 0,035 76,8% 0,015 86,3% 0,028 81,2%
233 274 355 22,2 44,3 0,058 98,5% 0,045 97,0% 0,042 99,2% 0,044 97,6%
296 200 310 20,9 37,1 0,055 97,4% 0,071 98,3% 0,025 86,8% 0,055 99,2% 0,020 85,1% 0,044 99,0%
373 181 281 23,0 33,1 0,031 80,7% 0,075 99,5% 0,011 66,6% 0,037 98,6% 0,014 72,3% 0,031 96,7%
233 313 437 22,8 34,2 0,041 95,8% 0,063 98,9% 0,024 88,7% 0,052 98,5% 0,018 81,8% 0,043 97,9%
296 274 382 20,3 33,2 0,026 88,3% 0,052 99,3% 0,012 92,6% 0,028 96,9% 0,012 91,2% 0,023 98,1%
373 259 360 20,1 27,6 0,017 73,0% 0,043 98,2% 0,008 64,1% 0,021 95,5% 0,011 68,9% 0,019 82,4%
233 338 414 21,5 33,2 0,045 94,1% 0,059 95,4% 0,036 86,8% 0,061 95,8%
296 275 363 20,3 33,1 0,037 94,6% 0,061 99,2% 0,025 85,8% 0,059 98,5% 0,019 84,4% 0,053 96,7%
373 255 328 22,0 34,4 0,011 81,1% 0,023 77,4% 0,009 83,0% 0,022 88,0% 0,012 91,1% 0,020 87,9%
233 362 404 17,7 36,1 0,040 99,0% 0,035 96,3% 0,036 99,2% 0,041 99,6%
296 293 352 16,4 31,8 0,036 97,0% 0,046 96,3% 0,023 93,6% 0,047 98,5% 0,019 98,3%
373 272 328 14,3 17,6 0,014 78,0% 0,036 89,4% 0,007 82,5% 0,030 87,3% 0,010 94,2% 0,024 90,8%
233 340 457 21,7 35,9 0,038 93,5% 0,052 95,6% 0,024 76,6% 0,051 96,6% 0,018 67,3% 0,044 96,5%
296 299 404 19,8 33,3 0,025 88,1% 0,052 98,8% 0,013 87,9% 0,044 87,9% 0,009 89,3% 0,042 81,5%
373 276 365 19,9 30,8 0,010 47,9% 0,052 83,0% 0,011 53,0% 0,035 90,1% 0,011 51,2% 0,031 86,8%
233 359 498 19,0 24,6 0,029 89,0% 0,046 94,3% 0,014 66,6% 0,038 95,4% 0,011 49,9% 0,035 93,2%
296 315 439 18,4 30,1 0,021 82,8% 0,047 97,7% 0,009 77,4% 0,037 86,4% 0,009 80,0% 0,036 84,0%
373 294 406 19,3 26,6 0,008 73,8% 0,032 93,0% 0,007 84,7% 0,012 91,3% 0,008 81,1% 0,017 96,8%
233 379 1068 34,6 35,6 0,017 87,1% 0,040 95,5% 0,016 98,2% 0,009 67,2% 0,020 99,2% 0,018 97,8%
296 326 693 50,9 55,0 0,017 66,0% 0,047 97,7% 0,010 91,6% 0,017 84,8% 0,008 79,2% 0,019 88,4%
373 267 552 44,9 52,3 0,021 63,0% 0,068 98,9% 0,010 82,8% 0,029 89,7% 0,005 48,7% 0,025 90,9%
233 478 850 58,8 72,0 0,050 97,9% 0,017 86,2% 0,019 93,5%
296 352 645 42,3 49,8 0,020 89,0% 0,057 95,8% 0,017 98,4% 0,021 87,9% 0,011 94,5% 0,021 88,0%
373 297 551 34,3 43,0 0,022 87,0% 0,051 94,5% 0,014 89,1% 0,016 72,9% 0,007 70,8% 0,016 83,4%
233 410 499 16,3 28,1 0,034 99,6% 0,034 98,0% 0,021 95,7% 0,034 99,5% 0,012 99,2% 0,034 99,6%
296 355 432 14,4 26,9 0,021 92,9% 0,041 98,4% 0,013 92,2% 0,029 98,5% 0,014 95,8% 0,026 99,1%
373 332 400 15,0 22,7 0,007 66,2% 0,042 84,9% 0,007 90,9% 0,022 81,8% 0,010 95,0% 0,024 91,1%
233 398 607 15,9 23,2 0,026 98,3% 0,031 94,3% 0,010 77,6% 0,016 81,7% 0,009 78,7% 0,018 92,4%
296 363 541 15,3 25,0 0,015 55,8% 0,050 98,8% 0,002 14,6% 0,011 63,2% 0,005 74,6% 0,012 83,3%
373 347 495 16,9 23,7 0,009 62,0% 0,049 90,2% 0,000 0,6% 0,014 51,7% 0,004 69,5% 0,016 76,2%
233 458 532 16,6 22,3 0,033 98,0% 0,029 91,1% 0,025 98,0% 0,031 95,2%
296 386 463 14,9 23,6 0,023 93,6% 0,036 94,9% 0,015 91,6% 0,035 93,6% 0,013 91,0% 0,030 90,9%
373 373 441 15,4 22,4 0,006 93,9% 0,031 75,9% 0,006 98,5% 0,018 80,8% 0,007 98,3% 0,013 84,8%
233 434 646 17,0 24,2 0,021 93,1% 0,029 82,7% 0,008 58,9% 0,025 97,2% 0,005 52,4% 0,022 93,6%
296 397 576 16,8 24,9 0,016 94,4% 0,031 95,6% 0,002 39,3% 0,015 83,5% 0,004 73,0% 0,013 86,5%
373 392 534 17,8 21,6 0,004 53,4% 0,024 92,2% 0,000 0,1% 0,010 73,7% 0,002 41,1% 0,014 84,0%
233 408 825 16,9 22,5 0,015 94,5% 0,044 88,9% -0,013 90,0% 0,022 55,2% -0,005 63,0% 0,014 69,5%
296 420 706 20,1 25,1 0,009 80,3% 0,034 91,4% -0,004 51,6% 0,019 65,4% 0,000 1,4% 0,016 57,8%
373 398 594 25,3 31,5 0,010 72,2% 0,045 87,5% 0,000 0,1% 0,017 78,3% 0,003 47,1% 0,017 87,0%
233 585 1190 39,4 40,0 0,023 99,4% 0,020 98,2% 0,019 78,6% 0,025 67,2% 0,022 88,9% 0,024 74,9%
296 449 776 45,4 50,5 0,024 90,6% 0,038 92,3% 0,020 95,4% 0,025 95,0% 0,016 91,7% 0,023 94,3%
373 355 645 41,5 47,7 0,030 95,6% 0,062 90,7% 0,023 95,1% 0,039 96,2% 0,017 87,8% 0,034 97,4%
233 507 545 12,2 25,2 0,004 62,9% 0,043 76,7%
296 462 497 10,9 20,8 0,008 72,6% 0,028 94,4% 0,014 94,2% 0,024 97,4%
373 435 461 10,3 16,1 0,003 47,4% 0,020 79,5% 0,009 94,9% 0,016 84,7% 0,010 97,3% 0,017 85,8%
233 930 1010 7,2 8,1 0,010 95,5% 0,013 91,8% 0,005 79,4% 0,011 77,1%
296 914 963 8,0 12,1 0,002 47,0% 0,009 82,0% 0,003 36,1% 0,007 37,4%
373 879 935 7,4 10,3 0,000 0,0% 0,005 39,4% 0,001 6,3% 0,009 50,6%
- (0,005/s n.d).: strain rate 0,005/s not tested: strain rate sensitivity cannot be determined
-                  ;                 : dynamic true stress below 0,10 / 0,05 true strain: strain rate sensitivity cannot be determined
m(0,05)
[10-3-
20s-1]
m(0,10 )
[10-3-
20s-1 ]
               -
               -
               -
               -
               -
               -
               -
               -
   -
               -                -
               -
               -
HCT690TD_VDEh1
1.4376_VDEh1
S380MC_VDEh1
HX260YD_VDEh1
HC260P_VDEh1
1.4301_VDEh1
1.4301(HR)_VDEh1
HC180B_VDEh1
HC260B_VDEh1
HDT900C_VDEh1
HX340LAD_VDEh1
HCT500X_VDEh1
HC320LA_VDEh1
DD33X_VDEh1
Steel grade
DC06_VDEh1
DC04_VDEh1
m(0,002)
[10-3 -
20s-1]
- (0,005/s n.d.) - (0,005/s n.d.) - (0,005/s n.d.)
HC260i_VDEh1
DD13_VDEh1
10,06Dyn
10,06Dyn
10,06Dyn
10,06Dyn
10,06Dy n05,06Dyn
05,06Dy n10,06Dyn
10,06Dy n
10,06Dyn
10,06Dyn
10,06Dy n
10,06Dyn
10,06Dy n
10,06Dyn
2r2r2r 2r 2r 2r
Appendix A 2: Logarithmic strain rate sensitivity m at 0,002/0,05/0,10 true plastic strain
(VDEh1 project, low and intermediate strain rate ranges).
252            Appendixes
T Rp0.2 Rm Ag AL80
K MPa MPa % % % % % % % %
233 248 400 21,4 38,1 52 96,8% 46 92,9% 34 99,5% 47 98,0% 25 98,3% 44 96,8%
296 207 356 22,2 38,3 33 97,5% 64 92,8% 17 88,0% 51 90,3% 13 82,0% 44 91,0%
373 195 320 25,4 39,8 14 86,1% 34 98,1% 6 72,9% 24 89,7% 7 78,6% 24 90,0%
233 260 404 22,1 37,5 46 99,3% 45 98,3% 44 98,6% 48 98,2% 28 97,8% 47 98,7%
296 228 366 22,4 37,6 31 98,2% 64 92,8% 19 87,4% 50 92,1% 16 86,7% 40 92,1%
373 212 329 23,0 38,6 15 94,8% 27 96,8% 10 86,5% 18 86,3% 11 92,6% 17 86,1%
233 300 406 16,8 33,9 59 99,6% 46 98,5% 43 98,9% 50 99,4%
296 244 376 17,3 32,8 37 98,1% 70 95,3% 20 73,7% 57 97,9% 16 84,7%
373 223 346 18,0 24,6 14 87,0% 36 94,5% 2 13,5% 20 88,3% 5 73,3% 16 83,9%
233 330 416 16,8 32,9 56 99,8% 47 95,7% 41 98,6% 48 98,9%
296 273 380 16,8 30,4 33 96,9% 64 96,6% 17 83,3% 36 96,0% 15 80,6% 34 96,5%
373 254 348 15,6 22,8 12 77,8% 33 98,9% 2 8,7% 26 85,0% 6 64,9% 25 84,2%
233 346 450 16,0 29,0 44 99,7% 46 98,0% 31 96,9% 44 98,8% 22 99,5% 41 99,9%
296 310 419 16,0 31,1 25 92,3% 64 94,9% 12 65,1% 55 93,8% 14 75,7% 47 94,7%
373 281 390 16,9 23,3 11 98,2% 17 97,7% 2 29,8% 10 82,1% 6 91,0% 10 95,3%
233 397 722 13,5 19,6 39 94,1% 34 84,0% 21 95,2% 9 15,5% 24 99,2% 16 65,3%
296 375 676 14,8 20,8 28 98,5% 91 83,2% 9 77,3% 36 70,9% 12 83,4% 45 69,1%
373 356 624 16,1 22,0 14 66,7% 44 96,9% 3 22,6% 5 21,9% 9 68,9% 14 64,3%
233 448 741 21,1 26,2 21 82,7% 3 21,9% 4 24,4%
296 432 649 23,8 30,5 14 91,5% 46 84,6% 2 9,2% 34 66,9% 5 48,6% 31 68,9%
373 409 586 18,6 25,2 9 77,3% 19 95,6% 2 27,3% -5 21,8% 3 47,9% 2 6,8%
233 534 620 12,7 16,4 34 99,4% 21 88,3% 26 98,4% 20 80,1% 23 98,4% 17 89,8%
296 501 574 12,7 19,8 13 81,0% 55 84,2% 14 67,0% 45 93,5% 14 72,8% 45 84,8%
373 473 534 12,7 17,2 9 84,9% 17 93,2% 6 85,1% 9 73,9% 9 96,8% 10 78,9%
233 559 901 12,3 16,0 31 89,6% 4 7,6% 16 65,3%
296 546 830 13,9 17,8 18 90,8% 29 79,2% 1 0,8% 31 72,8% 4 35,0% 46 70,9%
373 530 763 12,9 16,1 10 85,7% 24 92,3% -1 6,6% -5 13,9% 2 10,5% 12 82,8%
233 587 907 16,3 20,2 23 95,4% 15 67,6% 23 90,2%
296 565 824 19,9 25,5 21 94,5% 46 93,7% 13 81,1% 31 76,4% 15 94,3% 36 78,6%
373 536 756 18,0 23,1 11 64,5% 33 99,4% 3 32,8% 1 1,5% 3 37,8% 10 72,6%
HDT780C_VDEh2 296 811 861 5,7 8,0 3 8,0% 16 48,4% 6 16,8% 28 64,4% 40 77,4%
- (200/s n.d).: strain rate 200/s not tested: strain rate sensitivity cannot be determined
- (              ): dynamic true stress below 0,10 true strain: strain rate sensitivity cannot be determined
[10-3-20s-1] [1-200s-1] [10-3-20s-1] [1-200s-1]
- (200/s n.d.) - (200/s n.d.)
HCT780XD_VDEh2
- (200/s n.d.)
- (200/s n.d.)
HCT780T_VDEh2
- (200/s n.d.)
- (200/s n.d.)
- (200/s n.d.)
HCT600TD_VDEh2
HX180YD_VDEh2
HX220YD_VDEh2
HX220BD_VDEh2
Steel grade [10-3-20s-1] [1-200s-1]
HX420LAD_VDEh2
         -
               -
               -
   -
- (200/s n.d.)
- (200/s n.d.)
HX260LAD_VDEh2
HX300BD_VDEh2
HCT600XD_VDEh2
10,06Dyn
10,06Dyn
10,06Dyn
10,06Dyn
)002,0(10 )002,0(10 )05,0(10 )05,0(10 )10,0(10 )10,0(10
10,06Dyn
2r2r2r 2r 2r 2r
Appendix A 3: Semi-logarithmic strain rate sensitivity 10 at 0,002/0,05/0,10 true plastic strain
(VDEh2 project, low and intermediate strain rate range).
T Rp0.2 Rm Ag AL80
m(0,002)
[10-3-20s-1]
m(0,002)
[1-200s-1]
m(0,05)
[10-3-20s-1]
m (0,05)
[1-200s-1]
m(0,10)
[10-3-20s-1]
m(0,10)
[1-200s-1]
K MPa MPa % % - % - % - % - % - % - %
233 248 400 21,4 38,1 0,069 95,4% 0,045 94,2% 0,037 99,8% 0,043 98,7% 0,024 98,8% 0,037 97,6%
296 207 356 22,2 38,3 0,056 98,7% 0,082 95,2% 0,022 89,1% 0,056 92,1% 0,015 82,6% 0,044 92,1%
373 195 320 25,4 39,8 0,028 87,8% 0,059 99,0% 0,009 73,6% 0,033 90,8% 0,009 79,2% 0,028 91,2%
233 260 404 22,1 37,5 0,045 98,0% 0,043 97,6% 0,044 99,3% 0,042 97,6% 0,027 97,9% 0,038 98,6%
296 228 366 22,4 37,6 0,049 99,3% 0,078 95,3% 0,023 89,0% 0,053 94,0% 0,017 88,0% 0,038 93,6%
373 212 329 23,0 38,6 0,028 96,0% 0,044 97,3% 0,013 87,6% 0,023 86,8% 0,013 93,3% 0,019 86,8%
233 300 406 16,8 33,9 0,065 98,7% 0,040 98,0% 0,040 99,5% 0,041 99,1%
296 244 376 17,3 32,8 0,053 99,2% 0,077 97,2% 0,022 75,0% 0,057 98,3% 0,016 85,7%
373 223 346 18,0 24,6 0,025 89,2% 0,055 95,6% 0,003 13,1% 0,025 89,0% 0,006 74,2% 0,018 84,6%
233 330 416 16,8 32,9 0,058 99,8% 0,040 94,9% 0,038 99,4% 0,038 98,6%
296 273 380 16,8 30,4 0,044 98,4% 0,069 98,1% 0,018 84,5% 0,037 95,8% 0,015 81,6% 0,033 96,4%
373 254 348 15,6 22,8 0,019 79,0% 0,047 99,2% 0,002 8,3% 0,031 86,1% 0,006 65,0% 0,026 85,6%
233 346 450 16,0 29,0 0,046 99,2% 0,040 98,6% 0,028 98,0% 0,035 98,8% 0,019 99,5% 0,030 99,8%
296 310 419 16,0 31,1 0,031 94,1% 0,067 96,8% 0,012 65,4% 0,051 95,5% 0,013 76,5% 0,040 95,9%
373 281 390 16,9 23,3 0,016 98,6% 0,023 98,2% 0,003 29,8% 0,011 82,1% 0,006 91,2% 0,010 95,4%
233 397 722 13,5 19,6 0,037 93,4% 0,026 85,0% 0,012 95,6% 0,005 15,3% 0,012 99,3% 0,008 65,6%
296 375 676 14,8 20,8 0,028 98,9% 0,074 85,8% 0,006 77,6% 0,022 71,7% 0,007 83,5% 0,023 69,9%
373 356 624 16,1 22,0 0,016 67,0% 0,047 97,1% 0,002 22,6% 0,004 22,0% 0,006 69,5% 0,008 64,1%
233 448 741 21,1 26,2 0,019 84,6% 0,002 21,7% 0,002 24,4%
296 432 649 23,8 30,5 0,014 92,3% 0,039 86,6% 0,001 9,1% 0,023 67,8% 0,003 49,3% 0,018 69,8%
373 409 586 18,6 25,2 0,009 77,6% 0,019 95,4% 0,002 27,3% -0,004 21,9% 0,002 48,1% 0,001 6,9%
233 534 620 12,7 16,4 0,025 99,1% 0,014 88,2% 0,017 98,6% 0,012 80,2% 0,014 98,4% 0,010 89,6%
296 501 574 12,7 19,8 0,010 82,1% 0,041 85,2% 0,010 67,9% 0,030 93,7% 0,009 73,8% 0,028 85,1%
373 473 534 12,7 17,2 0,008 85,7% 0,014 93,4% 0,005 85,5% 0,007 74,1% 0,007 97,0% 0,007 79,4%
233 559 901 12,3 16,0 0,022 90,7% 0,002 7,2% 0,007 65,5%
296 546 830 13,9 17,8 0,014 91,4% 0,020 79,9% 0,001 0,7% 0,016 73,7% 0,002 34,5% 0,021 72,1%
373 530 763 12,9 16,1 0,008 86,0% 0,018 92,8% -0,001 6,6% -0,003 14,2% 0,001 10,3% 0,006 82,9%
233 587 907 16,3 20,2 0,016 95,1% 0,007 68,8% 0,010 90,8%
296 565 824 19,9 25,5 0,015 95,2% 0,031 94,5% 0,007 81,4% 0,016 77,4% 0,007 94,4% 0,016 79,7%
373 536 756 18,0 23,1 0,009 64,7% 0,025 99,4% 0,002 32,3% 0,001 1,6% 0,001 37,6% 0,005 72,4%
HDT780C_VDEh2 296 811 861 5,7 8,0 0,001 7,9% 0,009 48,8% 0,003 16,4% 0,013 64,6% 0,017 78,5%
- (200/s n.d).: strain rate 200/s not tested: strain rate sensitivity cannot be determined
- (              ): dynamic true stress below 0,10 true strain: strain rate sensitivity cannot be determined
- (200/s n.d.) - (200/s n.d.) - (200/s n.d.)
- (200/s n.d.) - (200/s n.d.) - (200/s n.d.)
- (200/s n.d.) - (200/s n.d.) - (200/s n.d.)
HCT600TD_VDEh2
HX420LAD_VDEh2
HCT780XD_VDEh2
HCT780T_VDEh2
HX220BD_VDEh2
HX260LAD_VDEh2
HX300BD_VDEh2
HCT600XD_VDEh2
Steel grade
HX180YD_VDEh2
HX220YD_VDEh2
               -
               -
   -
         -
10,06Dyn
10,06Dyn
10,06Dyn
10,06Dyn
10,06Dyn
2r 2r 2r 2r 2r 2r
Appendix A 4: Logarithmic strain rate sensitivity m at 0,002/0,05/0,10 true plastic strain
(VDEh2 project, low and intermediate strain rate range).
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T Rp0.2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [100-1000s-1]
K MPa MPa % % MPa.log-1(s-1 ) % MPa.log-1(s-1) % MPa.log-1(s-1) %
HX220BD_ECSC 296 235 365 19,1 37,8 18 86,6% 54 97,6% 67 94,1%
HX220PD_ECSC 296 237 377 19,8 36,5 20 93,5% 49 95,2% 82 96,3%
HC220i_ECSC 296 243 356 21,3 40,1 23 94,2% 51 97,9% 70 95,5%
1.4318_ECSC 296 326 963 34,9 44,1 26 97,5% 41 99,8% 57 98,1%
S235_ECSC 296 331 407 17,0 34,7 24 96,0% 42 97,9% 57 85,4%
HCT500XD_ECSC 296 343 578 18,4 30,9 13 81,8% 44 99,5% 48 97,9%
HCT600XD_ECSC 296 358 671 16,2 26,4 12 89,5% 52 93,8% 82 94,7%
HX340LAD_ECSC 296 371 425 18,0 33,1 17 76,9% 36 93,0% 46 92,6%
HCT690TD_ECSC 296 471 770 24,0 32,6 11 91,1% 42 97,6% 51 93,8%
T Rp0.2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [100-1000s-1]
K MPa MPa % % MPa.log-1(s-1 ) % MPa.log-1(s-1) % MPa.log-1(s-1) %
HX220BD_ECSC 296 235 365 19,1 37,8 5 47,9% 38 94,3% 64 96,2%
HX220PD_ECSC 296 237 377 19,8 36,5 7 74,9% 34 92,8% 82 98,8%
HC220i_ECSC 296 243 356 21,3 40,1 12 79,8% 44 95,7% 80 96,3%
1.4318_ECSC 296 326 963 34,9 44,1 24 99,7% 28 60,9% 63 43,9%
S235_ECSC 296 331 407 17,0 34,7 17 81,3% 46 98,1% 58 95,0%
HCT500XD_ECSC 296 343 578 18,4 30,9 -2 38,2% 16 84,7% 58 94,9%
HCT600XD_ECSC 296 358 671 16,2 26,4 1 30,4% 27 66,6% 97 80,5%
HX340LAD_ECSC 296 371 425 18,0 33,1 17 79,7% 40 97,1% 39 85,2%
HCT690TD_ECSC 296 471 770 24,0 32,6 0 1,1% 45 87,4% 63 82,5%
T Rp0.2 Rm Ag AL80 [10-3-20s-1] [1-200s-1] [100-1000s-1]
K MPa MPa % % MPa.log-1(s-1 ) % MPa.log-1(s-1) % MPa.log-1(s-1) %
HX220BD_ECSC 296 235 365 19,1 37,8 5 64,1% 30 93,9% 49 93,7%
HX220PD_ECSC 296 237 377 19,8 36,5 7 82,9% 27 94,0% 67 98,7%
HC220i_ECSC 296 243 356 21,3 40,1 10 73,9% 39 93,9%
1.4318_ECSC 296 326 963 34,9 44,1 29 99,2% 30 72,6% 51 46,6%
S235_ECSC 296 331 407 17,0 34,7 17 93,9% 35 99,4% 61 99,0%
HCT500XD_ECSC 296 343 578 18,4 30,9 2 25,0% 14 86,7% 43 94,7%
HCT600XD_ECSC 296 358 671 16,2 26,4 5 82,0% 25 73,8% 79 89,9%
HX340LAD_ECSC 296 371 425 18,0 33,1 15 91,4% 34 98,7% 25 41,2%
HCT690TD_ECSC 296 471 770 24,0 32,6 2 31,1% 35 86,3% 82 91,6%
- (              ): dynamic true stress below 0,10 true strain: strain rate sensitivity cannot be determined
    -
Steel grade
Steel grade
Steel grade
10,06Dyn
10,06Dyn
)002,0(10 )002,0(10 )002,0(10
)05,0(1 0 )05,0(10
)10,0(10 )10,0(10 )10,0(10
)05,0(10
2r 2r 2r
2r 2r 2r
2r 2r 2r
Appendix A 5: Semi-logarithmic strain rate sensitivity 10 at 0,002/0,05/0,10 true plastic strain
(ECSC project, low, intermediate and high strain rate ranges).
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T Rp0. 2 Rm Ag AL80
m(0, 002)
[10-3-20s-1]
m(0,002)
[1-200s-1]
m(0,002)
[102-103s-1]
K MPa MPa % % - % - % - %
HX220BD_ECSC 296 235 365 19,1 37,8 0,028 89,6% 0,069 98,6% 0,072 93,3%
HX220PD_ECSC 296 237 377 19,8 36,5 0,031 95,4% 0,061 96,9% 0,085 95,6%
HC220i_ECSC 296 243 356 21,3 40,1 0,034 96,3% 0,060 98,3% 0,069 95,0%
1.4318_ECSC 296 326 963 34,9 44,1 0,029 98,5% 0,039 99,6% 0,048 98,4%
S235_ECSC 296 331 407 17,0 34,7 0,027 97,5% 0,041 98,3% 0,049 84,8%
HCT500XD_ECSC 296 343 578 18,4 30,9 0,015 83,6% 0,046 99,6% 0,044 97,9%
HCT600XD_ECSC 296 358 671 16,2 26,4 0,014 90,3% 0,050 95,4% 0,070 94,2%
HX340LAD_ECSC 296 371 425 18,0 33,1 0,018 79,2% 0,035 92,1% 0,040 92,6%
HCT690TD_ECSC 296 471 770 24,0 32,6 0,009 91,7% 0,033 98,0% 0,037 94,1%
T Rp0. 2 Rm Ag AL80
m(0 ,05)
[10-3-20s-1]
m (0,05)
[1-200s-1]
m(0,05)
[102-103s-1]
K MPa MPa % % - % - % - %
HX220BD_ECSC 296 235 365 19,1 37,8 0,006 48,1% 0,043 95,7% 0,063 95,9%
HX220PD_ECSC 296 237 377 19,8 36,5 0,009 76,1% 0,037 94,3% 0,078 98,6%
HC220i_ECSC 296 243 356 21,3 40,1 0,014 81,8% 0,046 96,5% 0,073 95,7%
1.4318_ECSC 296 326 963 34,9 44,1 0,019 99,6% 0,020 62,7% 0,041 42,3%
S235_ECSC 296 331 407 17,0 34,7 0,017 83,4% 0,040 98,2% 0,046 94,5%
HCT500XD_ECSC 296 343 578 18,4 30,9 -0,002 37,8% 0,013 85,7% 0,043 95,1%
HCT600XD_ECSC 296 358 671 16,2 26,4 0,001 30,3% 0,017 68,4% 0,059 80,6%
HX340LAD_ECSC 296 371 425 18,0 33,1 0,016 81,6% 0,035 96,2% 0,031 85,2%
HCT690TD_ECSC 296 471 770 24,0 32,6 0,000 1,1% 0,027 88,4% 0,036 82,4%
T Rp0. 2 Rm Ag AL80
m(0 ,10)
[10-3-20s-1]
m(0,10)
[1-200s-1]
m(0,10)
[102-103s-1]
K MPa MPa % % - % - % - %
HX220BD_ECSC 296 235 365 19,1 37,8 0,005 64,8% 0,030 95,0% 0,046 93,1%
HX220PD_ECSC 296 237 377 19,8 36,5 0,007 83,9% 0,026 94,9% 0,059 98,8%
HC220i_ECSC 296 243 356 21,3 40,1 0,010 75,4% 0,038 94,9%
1.4318_ECSC 296 326 963 34,9 44,1 0,021 99,5% 0,019 73,6% 0,030 45,2%
S235_ECSC 296 331 407 17,0 34,7 0,016 95,1% 0,029 99,4% 0,044 98,9%
HCT500XD_ECSC 296 343 578 18,4 30,9 0,001 24,9% 0,009 87,3% 0,028 94,8%
HCT600XD_ECSC 296 358 671 16,2 26,4 0,003 82,2% 0,014 74,8% 0,042 89,8%
HX340LAD_ECSC 296 371 425 18,0 33,1 0,013 92,6% 0,028 98,6% 0,019 41,0%
HCT690TD_ECSC 296 471 770 24,0 32,6 0,001 31,0% 0,018 87,1% 0,040 91,6%
- (               ): dynamic true stress below 0,10 true strain: strain rate sensitivity cannot be determined
Steel grade
Steel grade
Steel grade
    - 10,06Dyn
10,06Dyn
2r 2r 2r
2r 2r 2r
2r2r2r
Appendix A6: Logarithmic strain rate sensitivity m at 0,002/0,05/0,10 true plastic strain
(ECSC project, low, intermediate and high strain rate ranges).
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T Rp0.2 Rm Ag AL80
n
(10-
20/Ag)
n
(2/ALüders-
Ag) [10
-3-200s-1] [10-3-200s-1] [10-3-200s-1]
K MPa MPa % % - - MPa.log-1(s-1) % MPa.log-1(s-1) % MPa.log-1(s-1) %
DC06_VDEh1 296 140 284 25,0 43,7 0,237 0,265 52 96,9% 37 86,6% 30 79,8%
DC04_VDEh1 296 185 299 23,3 40,4 0,216 0,224 38 97,2% 28 90,1% 24 88,3%
HC180B_VDEh1 296 200 310 20,9 37,1 0,192 0,198 37 95,9% 26 86,2% 20 82,9%
HX180YD_VDEh2 296 207 356 22,2 38,3 0,220 0,236 44 91,3% 29 80,0% 24 77,8%
HX220YD_VDEh2 296 228 366 22,4 37,6 0,213 0,218 44 91,0% 30 84,6% 24 84,5%
HX220BD_ECSC 296 235 365 19,1 37,8 0,179 0,180 27 84,7% 14 62,2% 12 67,4%
HX220PD_ECSC 296 237 377 19,8 36,5 0,190 0,193 28 88,4% 15 72,0% 12 77,5%
HC220i_ECSC 296 243 356 21,3 40,1 0,193 0,184 31 92,0% 21 79,6% 16 74,2%
HX220BD_VDEh2 296 244 376 17,3 32,8 0,160 0,177 49 92,7% 31 80,9%
HX260LAD_VDEh2 296 273 380 16,8 30,4 0,153 0,166 43 92,3%
HC260B_VDEh1 296 274 382 20,3 33,2 0,189 0,189 24 87,9% 15 86,6% 15 90,4%
HC260i_VDEh1 296 275 363 20,3 33,1 0,189 0,165 34 92,5% 31 83,7% 30 80,4%
DD13_VDEh1 296 293 352 16,4 31,8 0,145 0,145 32 96,1% 28 88,5%
HX260YD_VDEh1 296 299 404 19,8 33,3 0,191 0,187 24 85,9% 21 69,8% 22 62,5%
HX300BD_VDEh2 296 310 419 16,0 31,1 0,151 0,165 38 85,2% 26 70,2% 25 77,1%
HC260P_VDEh1 296 315 439 18,4 30,1 0,179 0,187 23 84,6% 19 69,5% 22 69,9%
1.4301_VDEh1 296 326 693 50,9 55,0 0,368 0,376 24 79,9% 18 82,3% 19 76,1%
1.4318_ECSC 296 326 963 34,9 44,1 0,870 0,551 29 97,7% 26 92,1% 30 95,4%
S235_ECSC 296 331 407 17,0 34,7 0,148 0,148 28 95,1% 24 86,2% 20 93,5%
HCT500XD_ECSC 296 343 578 18,4 30,9 0,176 0,194 21 82,5% 3 17,9% 5 54,4%
1.4301 (HR)_VDEh1 296 352 645 42,3 49,8 0,328 0,300 30 79,7% 22 94,3% 20 86,3%
HX340LAD_VDEh1 296 355 432 14,4 26,9 0,133 0,126 24 89,5% 19 88,1% 21 92,7%
HCT600XD_ECSC 296 358 671 16,2 26,4 0,162 0,190 24 76,6% 9 40,8% 10 61,8%
HCT500X_VDEh1 296 363 541 15,3 25,0 0,148 0,163 21 72,0% 6 49,0% 11 81,4%
HX340LAD_ECSC 296 371 425 18,0 33,1 0,169 0,169 21 87,8% 22 88,0% 20 91,4%
HXT600XD_VDEh2 296 375 676 14,8 20,8 0,145 0,169 52 77,3% 20 66,9% 26 68,8%
HC320LA_VDEh1 296 386 463 14,9 23,6 0,146 0,145 27 91,6% 25 84,5% 24 83,9%
DD33X_VDEh1 296 397 576 16,8 24,9 0,165 0,177 21 89,8% 9 57,8% 10 76,1%
HCT690TD_VDEh1 296 420 706 20,1 25,1 0,216 0,243 18 72,4% 4 6,9% 9 26,4%
HCT600TD_VDEh2 296 432 649 23,8 30,5 0,210 0,189 26 76,5% 14 43,2% 14 54,2%
1.4376_VDEh1 296 449 776 45,4 50,5 0,299 0,291 34 91,9% 33 96,8% 31 94,4%
S380MC_VDEh1 296 462 497 10,9 20,8 0,103 0,078 16 75,6% 22 92,7%
HCT690TD_ECSC 296 471 770 24,0 32,6 0,251 0,230 19 85,6% 13 52,2% 11 59,2%
HX420LAD_VDEh2 296 501 574 12,7 19,8 0,122 0,120 28 70,8% 23 77,3% 25 75,9%
HCT780XD_VDEh2 296 546 830 13,9 17,8 0,138 0,151 23 89,2% 9 26,4% 20 49,4%
HCT780T_VDEh2 296 565 824 19,9 25,5 0,191 0,180 30 88,9% 19 75,0% 23 79,6%
HDT780C_VDEh2 296 811 861 5,7 8,0 0,072 7 35,7% 13 43,2% 40 77,4%
HDT900C_VDEh1 296 914 963 8,0 12,1 0,080 9 61,7% 13 55,2%
Steel grade
)002,0(10 2r 2r 2r
)05,0(10 )10,0(10
Appendix A7: Semi logarithmic strain rate sensitivity at 0,002/0,05/0,10 plastic strain
(VDEh1, VDEh2 and ECSC projects, strain rate range [10-3-200s-1]).
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T Rp0.2 Rm Ag AL80
n
(10-
20/Ag)
n
(2/ALüders-
Ag)
m(0,002)
[10-3-200s-1]
m(0,05)
[10-3-200s-1 ]
m(0,10)
[10-3-200s-1]
K MPa MPa % % - - - - - - - -
DC06_VDEh1 296 140 284 25,0 43,7 0,237 0,265 0,094 99,7% 0,050 91,2% 0,037 84,0%
DC04_VDEh1 296 185 299 23,3 40,4 0,216 0,224 0,062 99,2% 0,037 93,9% 0,029 91,6%
HC180B_VDEh1 296 200 310 20,9 37,1 0,192 0,198 0,058 98,3% 0,032 88,9% 0,023 85,4%
HX180YD_VDEh2 296 207 356 22,2 38,3 0,220 0,236 0,065 96,4% 0,033 83,7% 0,025 80,3%
HX220YD_VDEh2 296 228 366 22,4 37,6 0,213 0,218 0,060 95,7% 0,034 87,7% 0,024 86,9%
HX220BD_ECSC 296 235 365 19,1 37,8 0,179 0,180 0,039 89,5% 0,016 63,9% 0,012 69,0%
HX220PD_ECSC 296 237 377 19,8 36,5 0,190 0,193 0,039 93,2% 0,016 74,7% 0,012 79,5%
HC220i_ECSC 296 243 356 21,3 40,1 0,193 0,184 0,041 95,7% 0,023 82,6% 0,017 76,8%
HX220BD_VDEh2 296 244 376 17,3 32,8 0,160 0,177 0,062 97,1% 0,031 82,9%
HX260LAD_VDEh2 296 273 380 16,8 30,4 0,153 0,166 0,052 96,2%
HC260B_VDEh1 296 274 382 20,3 33,2 0,189 0,189 0,032 90,4% 0,017 88,4% 0,015 91,6%
HC260i_VDEh1 296 275 363 20,3 33,1 0,189 0,165 0,043 95,4% 0,033 86,9% 0,029 83,5%
DD13_VDEh1 296 293 352 16,4 31,8 0,145 0,145 0,038 97,6% 0,029 91,3%
HX260YD_VDEh1 296 299 404 19,8 33,3 0,191 0,187 0,030 88,7% 0,021 73,2% 0,019 65,6%
HX300BD_VDEh2 296 310 419 16,0 31,1 0,151 0,165 0,043 89,4% 0,024 72,2% 0,021 79,0%
HC260P_VDEh1 296 315 439 18,4 30,1 0,179 0,187 0,027 86,7% 0,018 71,7% 0,018 72,2%
1.4301_VDEh1 296 326 693 50,9 55,0 0,368 0,376 0,028 81,8% 0,015 84,5% 0,014 78,0%
1.4318_ECSC 296 326 963 34,9 44,1 0,870 0,551 0,031 98,9% 0,020 93,8% 0,021 96,3%
S235_ECSC 296 331 407 17,0 34,7 0,148 0,148 0,030 97,4% 0,022 88,4% 0,018 95,0%
HCT500XD_ECSC 296 343 578 18,4 30,9 0,176 0,194 0,023 85,1% 0,002 17,6% 0,003 54,7%
1.4301 (HR)_VDEh1 296 352 645 42,3 49,8 0,328 0,300 0,031 83,4% 0,017 95,5% 0,014 88,2%
HX340LAD_VDEh1 296 355 432 14,4 26,9 0,133 0,126 0,026 91,8% 0,017 89,8% 0,017 94,1%
HCT600XD_ECSC 296 358 671 16,2 26,4 0,162 0,190 0,024 80,7% 0,006 42,1% 0,006 63,5%
HCT500X_VDEh1 296 363 541 15,3 25,0 0,148 0,163 0,023 72,7% 0,005 49,0% 0,008 82,1%
HX340LAD_ECSC 296 371 425 18,0 33,1 0,169 0,169 0,021 89,2% 0,020 89,4% 0,017 93,0%
HXT600XD_VDEh2 296 375 676 14,8 20,8 0,145 0,169 0,047 83,4% 0,012 68,6% 0,014 70,9%
HC320LA_VDEh1 296 386 463 14,9 23,6 0,146 0,145 0,026 93,5% 0,021 86,9% 0,019 85,9%
DD33X_VDEh1 296 397 576 16,8 24,9 0,165 0,177 0,021 91,8% 0,006 58,2% 0,007 76,9%
HCT690TD_VDEh1 296 420 706 20,1 25,1 0,216 0,243 0,017 74,4% 0,003 6,5% 0,005 26,4%
HCT600TD_VDEh2 296 432 649 23,8 30,5 0,210 0,189 0,023 79,7% 0,009 43,7% 0,009 55,3%
1.4376_VDEh1 296 449 776 45,4 50,5 0,299 0,291 0,028 93,5% 0,021 97,3% 0,017 95,0%
S380MC_VDEh1 296 462 497 10,9 20,8 0,103 0,078 0,014 76,8% 0,017 94,0%
HCT690TD_ECSC 296 471 770 24,0 32,6 0,251 0,230 0,016 87,3% 0,008 52,7% 0,006 59,9%
HX420LAD_VDEh2 296 501 574 12,7 19,8 0,122 0,120 0,022 73,2% 0,016 78,4% 0,016 77,4%
HCT780XD_VDEh2 296 546 830 13,9 17,8 0,138 0,151 0,017 90,7% 0,005 26,0% 0,009 50,3%
HCT780T_VDEh2 296 565 824 19,9 25,5 0,191 0,180 0,021 90,9% 0,010 76,4% 0,011 81,3%
HDT780C_VDEh2 296 811 861 5,7 8,0 0,072 0,004 35,8% 0,006 43,0%
HDT900C_VDEh1 296 914 963 8,0 12,1 0,080 0,004 62,1% 0,005 55,9%
Steel grade
2r 2r 2r
Appendix A8: Logarithmic strain rate sensitivity at 0,002/0,05/0,10 plastic strain
(VDEh1, VDEh2 and ECSC projects, strain rate range [10-3-200s-1]).
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Temperature [1-200s-1] [1-200s-1] [1-200s-1]
K MPa.log-1(s-1) % MPa.log-1(s-1 ) % MPa.log-1(s-1) %
Base material 46 96,8% 49 97,5%
170°_20mn 49 83,3%
Base material 65 98,6% 59 98,0% 54 97,5%
170°_20mn 56 93,9% 58 91,6% 51 90,4%
Base material 51 99,1% 46 98,9% 40 98,7%
170°_20mn 49 99,6% 46 98,1% 40 98,3%
Base material 41 99,0% 26 96,2% 24 97,8%
170°_20mn 39 91,8% 35 94,3% 26 96,5%
Base material 42 99,1% 25 98,0% 23 97,2%
170°_20mn 45 92,2% 29 82,2% 23 75,7%
Base material 30 98,4% 17 95,9% 18 82,5%
170°_20mn 50 85,3% 37 81,4% 34 87,3%
-: Determination not possible
Steel grade Condition
    -
    -    -
233
296
373
HC180B_VDEh1
HC260B_VDEh1
HC180B_VDEh1
HC260B_VDEh1
HC180B_VDEh1
HC260B_VDEh1
2r)002,0(10 )05,0(10 )10,0(102r 2r
Temperature
m(0,002)
[1-200s-1]
m(0,05)
[1-200s-1]
m(0,10)
[1-200s-1 ]
K - % - % - %
Base material 0,045 97,0% 0,044 97,6%
170°_20mn 0,049 84,1%
Base material 0,063 98,9% 0,052 98,5% 0,043 97,9%
170°_20mn 0,054 94,1% 0,052 92,7% 0,042 91,5%
Base material 0,071 98,3% 0,055 99,2% 0,044 99,0%
170°_20mn 0,063 99,6% 0,053 98,7% 0,044 98,7%
Base material 0,052 99,3% 0,028 96,9% 0,023 98,1%
170°_20mn 0,046 93,0% 0,036 95,3% 0,025 96,9%
Base material 0,075 99,5% 0,037 98,6% 0,031 96,7%
170°_20mn 0,074 94,4% 0,041 83,7% 0,029 77,0%
Base material 0,043 98,2% 0,021 95,5% 0,019 82,4%
170°_20mn 0,065 87,5% 0,042 83,1% 0,035 88,8%
-: Determination not possible
Steel grade Condition
    -
    -
    -
233
296
373
HC180B_VDEh1
HC260B_VDEh1
HC180B_VDEh1
HC260B_VDEh1
HC180B_VDEh1
HC260B_VDEh1
2r 2r 2r
Appendix A9: Semi-logarithmic and logarithmic strain rate sensitivity with or without bake hardening at
0,002/0,05/0,10 true plastic strain (VDEh1, intermediate strain rate range, HC180B/ HC260B).
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[10-3-20s-1] [10-3-20s-1] [10-3-20s-1]
MPa.log-1(s-1) % MPa.log-1(s-1) % MPa.log-1(s-1) %
Base material 24 96,0% 17 81,3% 17 93,9%
5%_biaxial 14 95,2%
10% uniaxial 12 77,5%
10% plane strain 18 95,4%
Base material 17 76,9% 17 79,7% 15 91,4%
5%_biaxial 23 98,0%
10% uniaxial 17 98,1% 16 95,5%
10% plane strain 24 97,7% - -
Base material 12 89,5% 1 30,4% 5 82,0%
5%_biaxial 10 77,5%
10% uniaxial 13 78,9%
10% plane strain 7 60,4%
Base material 11 91,1% 0,4 1,1% 2 31,1%
5%_biaxial 8 47,8%
10% uniaxial 4 76,7% 9 92,4% 10 93,1%
10% plane strain 15 79,3%
Base material 26 97,5% 24 99,7% 29 99,2%
5%_biaxial 32 98,8% 38 94,8% 19 53,1%
10% uniaxial 27 96,6% 29 97,2% -2 6,1%
10% plane strain 38 99,3% 31 95,3% 10 52,3%
-: Determination not possible
Steel grade Condition
-
-
HX340LAD_ECSC
S235_ECSC
HCT600XD_ECSC
-
-
-
1.4318_ECSC
HCT690TD_ECSC
-
- -
- -
2r)002,0(10 )05,0(10 )10,0(102r2r
m(0,002 )
[10-3-20s-1]
m(0,05)
[10-3-20s-1 ]
m(0,10)
[10-3-20s-1]
- % - % - %
Base material 0,027 97,5% 0,017 83,4% 0,016 95,1%
5%_biaxial 0,012 95,7%
10% uniaxial 0,011 78,6%
10% plane strain 0,015 96,4%
Base material 0,018 79,2% 0,016 81,6% 0,013 92,6%
5%_biaxial 0,019 98,5%
10% uniaxial 0,015 98,5% 0,013 96,3%
10% plane strain 0,019 98,3%
Base material 0,014 90,3% 0,001 30,3% 0,003 82,2%
5%_biaxial 0,007 78,9%
10% uniaxial 0,008 81,4%
10% plane strain 0,004 60,8%
Base material 0,009 91,7% 0,000 1,1% 0,001 31,0%
5%_biaxial 0,004 47,6%
10% uniaxial 0,002 77,0% 0,004 92,6% 0,004 93,4%
10% plane strain 0,008 80,4%
Base material 0,029 98,5% 0,019 99,6% 0,021 99,5%
5%_biaxial 0,022 98,7% 0,021 95,1% 0,009 51,3%
10% uniaxial 0,020 97,1% 0,018 97,7% -0,001 6,2%
10% plane strain 0,022 98,9% 0,015 95,8% 0,004 52,2%
-: Determination not possible
1.4318_ECSC
Steel grade Condition
S235_ECSC
HCT600XD_ECSC
HX340LAD_ECSC
HCT690TD_ECSC
- -
- -
-
-
-
- -
- -
2r 2r 2r
Appendix A10: Semi-log. and log. strain rate sensitivity (base material, 5% biaxial, 10% uniaxial,
10% plane strain pre-strained) at 0,002/0,05/0,10 true plastic strain (ECSC project, low strain rate).
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[1-200s-1] [1-200s-1] [1-200s-1]
MPa.log-1(s-1) % MPa.log-1(s-1) % MPa.log-1(s-1) %
Base material 42 97,9% 46 98,1%
5%_biaxial 31 96,1%
10% uniaxial 38 98,9%
10% plane strain 37 99,1%
Base material 36 93,0% 40 97,1% 34 98,7%
5%_biaxial 33 94,0%
10% uniaxial 34 96,3% 34 98,8%
10% plane strain 36 99,8%
Base material 52 93,8% 27 66,6% 25 73,8%
5%_biaxial 54 89,9%
10% uniaxial 27 73,4% 30 56,5%
10% plane strain 27 78,0%
Base material 42 97,6% 45 87,4% 35 86,3%
5%_biaxial 22 68,5%
10% uniaxial 18 96,2% 17 89,5% 19 87,8%
10% plane strain 32 93,5%
Base material 41 99,8% 28 60,9% 30 72,6%
5%_biaxial 48 95,4% 46 98,7% 37 97,5%
10% uniaxial 51 98,6% 42 98,1% 39 95,9%
10% plane strain 65 92,6% 24 60,1% 22 81,8%
-: Determination not possible
Steel grade Condition
-
-
-
-
-
-
S235_ECSC -
-
-
-
-
-
HCT690TD_ECSC
HCT600XD_ECSC
HX340LAD_ECSC
1.4318_ECSC
2r)002,0(10 )05,0(10 )10,0(102r2r
m(0,002)
[1-200s-1]
m(0,05)
[1-200s-1]
m(0,10 )
[1-200s-1]
- % - % - %
Base material 0,041 98,3% 0,040 98,2%
5%_biaxial 0,023 96,6%
10% uniaxial 0,030 99,0%
10% plane strain 0,027 99,4%
Base material 0,035 92,1% 0,035 96,2% 0,028 98,6%
5%_biaxial 0,025 94,7%
10% uniaxial 0,027 97,0% 0,025 99,0%
10% plane strain 0,026 99,7%
Base material 0,050 95,4% 0,017 68,4% 0,014 74,8%
5%_biaxial 0,035 90,6%
10% uniaxial 0,015 73,8% 0,015 58,0%
10% plane strain 0,016 77,2%
Base material 0,033 98,0% 0,027 88,4% 0,018 87,1%
5%_biaxial 0,011 67,6%
10% uniaxial 0,010 96,4% 0,008 89,5% 0,008 87,9%
10% plane strain 0,017 93,0%
Base material 0,039 99,6% 0,020 62,7% 0,019 73,6%
5%_biaxial 0,029 95,7% 0,022 98,7% 0,017 97,2%
10% uniaxial 0,034 98,7% 0,024 97,9% 0,019 96,0%
10% plane strain 0,032 93,0% 0,010 60,8% 0,009 81,7%
-: Determination not possible
1.4318_ECSC
Steel grade Condition
HCT690TD_ECSC
HX340LAD_ECSC
HCT600XD_ECSC
S235_ECSC
-
-
-
-
-
-
-
-
-
-
-
-
2r 2r 2r
Appendix A11: Semi-log. and log. strain rate sensitivity (base material, 5% biaxial, 10% uniaxial,
10% plane strain pre-strained) at 0,002/0,05/0,10 true plastic strain (ECSC/intermediate strain rate).
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[102-103s-1] [102-103s-1] [102-103s-1]
MPa.log-1(s-1) % MPa.log-1(s-1) % MPa.log-1(s-1) %
Base material 57 85,4% 58 95,0% 61 99,0%
5%_biaxial 58 96,2%
10% uniaxial 47 96,5%
10% plane strain 52 95,6%
Base material 46 92,6% 39 85,2%
5%_biaxial 54 80,7%
10% uniaxial 47 95,1%
10% plane strain 26 88,4%
Base material 82 94,7% 97 80,5% 79 89,9%
5%_biaxial 86 89,4%
10% uniaxial 67 55,7%
10% plane strain 103 83,2%
Base material 51 93,8% 63 82,5% 82 91,6%
5%_biaxial 90 81,9%
10% uniaxial 47 86,2% 96 81,9%
10% plane strain 47 79,2%
Base material 57 98,1% 63 43,9% 51 46,6%
5%_biaxial 72 82,0% 31 78,4% 45 89,6%
10% uniaxial 55 83,7% 40 85,3% 43 72,5%
10% plane strain 61 81,7% 27 19,4%
-: Determination not possible
1.4318_ECSC
-
--
-
-
-
--
-
Steel grade Condition
S235_ECSC
HCT690TD_ECSC
HCT600XD_ECSC
HX340LAD_ECSC
-
2r)05,0(10 )10,0(102r2r)002,0(10
m(0 ,002)
[102-103s-1]
m(0,05)
[102-103s-1]
m(0,10)
[102-103s-1]
- % - % - %
Base material 0,049 84,8% 0,046 94,5% 0,044 98,9%
5%_biaxial 0,040 95,9%
10% uniaxial 0,034 96,2%
10% plane strain 0,035 95,4%
Base material 0,040 92,6% 0,031 85,2%
5%_biaxial 0,037 80,1%
10% uniaxial 0,034 94,9%
10% plane strain 0,018 88,2%
Base material 0,070 94,2% 0,059 80,6% 0,042 89,8%
5%_biaxial 0,050 88,8%
10% uniaxial 0,035 56,3%
10% plane strain 0,055 83,6%
Base material 0,037 94,1% 0,036 82,4% 0,040 91,6%
5%_biaxial 0,044 82,5%
10% uniaxial 0,024 86,8% 0,043 82,4%
10% plane strain 0,023 79,4%
Base material 0,048 98,4% 0,041 42,3% 0,030 45,2%
5%_biaxial 0,039 82,4% 0,015 78,7% 0,020 89,8%
10% uniaxial 0,033 84,5% 0,021 85,9% 0,020 72,9%
10% plane strain 0,027 82,2% 0,011 18,9%
-: Determination not possible
1.4318_ECSC
Steel grade Condition
HCT690TD_ECSC
HX340LAD_ECSC
HCT600XD_ECSC
S235_ECSC
- -
- -
-
- -
-
-
-
2r 2r 2r
Appendix A12: Semi-log. and log. strain rate sensitivity (base material, 5% biaxial, 10% uniaxial,
10% plane strain pre-strained) at 0,002/0,05/0,10 true plastic strain (ECSC, high strain rate range).
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[10-3-20s-1] [10-3-20s-1] [10-3-20s-1]
MPa.log-1(s-1) % MPa.log-1(s-1) % MPa.log-1(s-1) %
Base material 23,1 94,2% 12,0 79,8% 9,7 73,9%
-0,5% / 3% 17,1 97,9% 11,5 98,8% 10,1 98,5%
0,5% / 1,5% 24,0 98,1% 15,2 94,6% 13,1 94,5%
Base material 17,9 86,6% 4,6 47,9% 4,8 64,1%
-0,5% / 3% 10,2 88,8%
0,5% / 1,5% 12,8 97,4% 7,9 95,8% 9,2 97,9%
Base material 19,9 93,5% 7,3 74,9% 7,0 82,9%
-0,5% / 3% 13,7 90,5% 10,8 85,9% 10,6 88,4%
0,5% / 1,5% 14,3 95,3% 9,5 92,6% 9,0 94,0%
Base material 12,7 81,8% -2,1 38,2% 1,6 25,0%
-0,5% / 3% 9,6 73,6% 6,4 80,4% 7,3 84,7%
0,5% / 1,5% 8,3 75,1% 3,4 19,8% 5,5 44,1%
-: Determination not possible
HX220PD_ECSC
HCT500XD_ECSC
- -
Steel grade Condition
HC220i_ECSC
HX220BD_ECSC
2r)002,0(10 )05,0(10 )10,0(102r2r
m(0,002)
[10-3-20s-1]
m(0,05 )
[10-3-20s-1]
m(0 ,10)
[10-3-20s-1]
- % - % - %
Base material 0,034 96,3% 0,014 81,8% 0,010 75,4%
-0,5% / 3% 0,022 97,8% 0,013 98,7% 0,011 98,5%
0,5% / 1,5% 0,032 99,1% 0,017 95,8% 0,014 95,4%
Base material 0,028 89,6% 0,006 48,1% 0,005 64,8%
-0,5% / 3% 0,012 89,9%
0,5% / 1,5% 0,016 98,1% 0,009 96,3% 0,009 98,2%
Base material 0,031 95,4% 0,009 76,1% 0,007 83,9%
-0,5% / 3% 0,016 91,4% 0,011 87,0% 0,010 89,3%
0,5% / 1,5% 0,018 95,2% 0,010 93,1% 0,009 94,2%
Base material 0,015 83,6% -0,002 37,8% 0,001 24,9%
-0,5% / 3% 0,009 74,7% 0,005 80,9% 0,005 85,1%
0,5% / 1,5% 0,008 76,8% 0,002 19,5% 0,004 44,5%
-: Determination not possible
--
Steel grade Condition
HC220i_ECSC
HX220BD_ECSC
HX220PD_ECSC
HCT500XD_ECSC
2r 2r 2r
Appendix A13: Semi-log. and log. strain rate sensitivity (base material, 0,5%/1,5%, -0,5%/3% at
0,002/0,05/0,10 true plastic strain (ECSC project, low strain rate range).
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[1-200s-1] [1-200s-1] [1-200s-1]
MPa.log-1(s-1 ) % MPa.log-1(s-1) % MPa.log-1(s-1) %
Base material 50,7 97,9% 43,8 95,7% 38,7 93,9%
-0,5% / 3% 36,1 88,9% 41,3 89,3% 40,8 87,2%
0,5% / 1,5% 41,9 99,0% 39,9 97,9%
Base material 53,7 97,6% 38,4 94,3% 30,3 93,9%
-0,5% / 3% 36,7 96,4% 38,2 0,9
0,5% / 1,5% 36,5 94,2% 31,4 93,7% 32,0 93,6%
Base material 49,3 95,2% 34,3 92,8% 26,9 94,0%
-0,5% / 3% 36,1 97,7% 35,9 96,9% 37,9 98,1%
0,5% / 1,5% 46,4 95,0% 41,6 92,5% 39,7 91,1%
Base material 44,1 99,5% 16,1 84,7% 13,9 86,7%
-0,5% / 3% 48,0 97,3% 29,5 97,6% 37,4 95,7%
0,5% / 1,5% 43,2 90,8% 25,7 86,3% 32,0 90,4%
-: Determination not possible
HX220PD_ECSC
HCT500XD_ECSC
-
-
Steel grade Condition
HC220i_ECSC
HX220BD_ECSC
2r)002,0(10 )05,0(10 )10,0(102r2r
m(0,0 02)
[1-200s-1]
m(0,05)
[1-200s-1]
m(0 ,10)
[1-200s-1]
- % - % - %
Base material 0,060 98,3% 0,046 96,5% 0,038 94,9%
-0,5% / 3% 0,038 89,1% 0,040 89,7% 0,037 87,6%
0,5% / 1,5% 0,045 99,4% 0,040 98,6%
Base material 0,069 98,6% 0,043 95,7% 0,030 95,0%
-0,5% / 3% 0,039 97,2% 0,037 0,943
0,5% / 1,5% 0,041 95,6% 0,031 94,6% 0,030 94,4%
Base material 0,061 96,9% 0,037 94,3% 0,026 94,9%
-0,5% / 3% 0,037 98,2% 0,034 97,6% 0,033 98,7%
0,5% / 1,5% 0,050 95,8% 0,040 93,9% 0,035 92,5%
Base material 0,046 99,6% 0,013 85,7% 0,009 87,3%
-0,5% / 3% 0,040 98,1% 0,020 97,8% 0,023 96,2%
0,5% / 1,5% 0,038 92,3% 0,018 86,9% 0,020 91,1%
-: Determination not possible
HX220PD_ECSC
HCT500XD_ECSC
-
-
Steel grade Condition
HC220i_ECSC
HX220BD_ECSC
2r 2r 2r
Appendix A14: Semi-log. and log. strain rate sensitivity (base material, 0,5%/1,5%, -0,5%/3% at
0,002/0,05/0,10 true plastic strain (ECSC project, intermediate strain rate range).
Appendixes  263
[1-200s-1] [1-200s-1] [1-200s-1]
MPa.log-1(s-1) % MPa.log-1(s-1) % MPa.log-1(s-1) %
HC180B_VDEh1 51 99,1% 46 98,9% 40 98,7%
HC260i_VDEh1 53 99,0% 58 97,6% 58 95,4%
HX300BD_VDEh1 38 85,2% 26 70,2% 25 77,1%
HC320LA_VDEh1 40 94,0% 43 92,5% 40 90,0%
HCT500X_VDEh1 48 98,7% 14 63,6% 18 83,2%
HCT780XD_VDEh2 29 79,2% 31 72,8% 46 70,9%
HDT900C_VDEh1 20 81,8% 18 37,4%
HC180B_VDEh1 55 97,2% 51 97,8%
HC260i_VDEh1 43 99,2% 44 97,6% 46 97,1%
HX300BD_VDEh1 49 93,1% 45 95,9%
HC320LA_VDEh1 40 98,2% 39 98,4%
HCT500X_VDEh1 26 87,9% 27 97,9% 38 98,6%
HCT780XD_VDEh2 43 81,7% 37 85,3%
HX300BD_VDEh1 52 92,2% 42 94,2%
HCT780XD_VDEh2 55 68,0% 53 87,3% 71 85,7%
HDT900C_VDEh1 59 99,4% 28 54,2%
HC180B_VDEh1 35 99,3%
HC260i_VDEh1 38 97,1% 41 98,5%
HX300BD_VDEh1 36 92,9%
HC320LA_VDEh1 27 87,3% 29 89,1%
HCT500X_VDEh1 37 89,6% 50 68,9%
HCT780XD_VDEh2 29 26,7%
HC180B_VDEh1 33 91,2%
HC260i_VDEh1 46 97,8%
HX300BD_VDEh1 57 91,3%
HC320LA_VDEh1 37 97,6%
HCT500X_VDEh1 44 99,2%
HCT780XD_VDEh2 56 96,7%
-: Determination not possible
Condition
Base material
- -
-
-
-
-
Steel grade
2%_Transverse
+ 170°_20mn
-
-
-
-
2%_Longitudinal
+ 170°_20mn
10%_Longitudinal
+ 170°C_20mn
10%_Transverse
+ 170°C_20mn
-
-
-
2r)002,0(10 )05,0(10 )10,0(102r2r
m(0,002)
[1-200s-1]
m (0,05)
[1-200s-1]
m(0,10)
[1-200s-1]
- % - % - %
HC180B_VDEh1 0,071 98,3% 0,055 99,2% 0,044 99,0%
HC260i_VDEh1 0,061 99,2% 0,059 98,5% 0,053 96,7%
HX300BD_VDEh1 0,043 89,4% 0,024 72,2% 0,021 79,0%
HC320LA_VDEh1 0,036 94,9% 0,035 93,6% 0,030 90,9%
HCT500X_VDEh1 0,050 98,8% 0,011 63,2% 0,012 83,3%
HCT780XD_VDEh2 0,020 79,9% 0,016 73,7% 0,021 72,1%
HDT900C_VDEh1 0,009 82,0% 0,007 37,4%
HC180B_VDEh1 0,068 96,0% 0,056 98,3%
HC260i_VDEh1 0,047 99,0% 0,043 98,1% 0,041 97,9%
HX300BD_VDEh1 0,045 94,3% 0,037 96,6%
HC320LA_VDEh1 0,034 98,4% 0,030 98,6%
HCT500X_VDEh1 0,021 88,4% 0,019 98,1% 0,024 98,9%
HCT780XD_VDEh2 0,022 82,5% 0,017 86,0%
HX300BD_VDEh1 0,049 93,7% 0,036 95,2%
HCT780XD_VDEh2 0,032 68,3% 0,025 88,7% 0,030 87,6%
HDT900C_VDEh1 0,031 99,5% 0,011 54,4%
HC180B_VDEh1 0,035 99,2%
HC260i_VDEh1 0,035 96,7% 0,035 98,0%
HX300BD_VDEh1 0,029 93,5%
HC320LA_VDEh1 0,020 88,0% 0,021 89,4%
HCT500X_VDEh1 0,024 91,0% 0,028 69,8%
HCT780XD_VDEh2 0,011 25,7%
HC180B_VDEh1 0,034 91,2%
HC260i_VDEh1 0,041 98,6%
HX300BD_VDEh1 0,047 92,4%
HC320LA_VDEh1 0,027 97,8%
HCT500X_VDEh1 0,031 99,0%
HCT780XD_VDEh2 0,028 97,0%
-: Determination not possible
-
-
-
Condition
-
-
-
Steel grade
Base material
     -
     -
10%_Longitudinal
+ 170°C_20mn
10%_Transverse
+ 170°C_20mn
2%_Longitudinal
+ 170°_20mn
2%_Transverse
 + 170°_20mn
    -
     -
     -
-
-
2r 2r 2r
Appendix A15: Semi-log. and log. strain rate sensitivity. Influence of uniaxial pre-straining
(2% transverse, 2% longitudinal, 10% transverse, 10% longitudinal) with bake hardening in
comparison to base material at 0,002/0,05/0,10 plastic strain (VDEh1/VDEh2, intermediate strain rate)
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9.2. Appendix B: Dynamic testing data of high alloy TRIP steels.
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Appendix B1: High alloy TRIP steels: dynamic yield and tensile strength [233K-373K]
(a): 1.4376(VDEh1); (b): 1.4301(VDEh1); (c): 1.4318(ECSC)
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Appendix B2: 1.4318(ECSC) high alloy TRIP steel: dynamic testing (296K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Flow curves
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Appendix B3: High alloy TRIP steel 1.4301(VDEh1): dynamic testing (233K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B4: High alloy TRIP steel 1.4301(VDEh1): dynamic testing (296K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B5: High alloy TRIP steel 1.4301(VDEh1): dynamic testing (373K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B6: High alloy TRIP steel 1.4376(VDEh1): dynamic testing (233K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B7: High alloy TRIP steel 1.4376(VDEh1): dynamic testing (296K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B8: High alloy TRIP steel 1.4376(VDEh1): dynamic testing (373K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B9: 1.4318 (ECSC) base material high alloy TRIP steel: dynamic testing (296K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B10: 1.4318 (ECSC) 5% biaxial pre-strained high alloy TRIP steel: dynamic testing (296K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
Flow curves
(1.4318_ECSC, 10% uniaxial, 296K)
400
600
800
1000
1200
1400
0 0,05 0,1 0,15 0,2 0,25 0,3
True plastic strain, -
Tr
ue
 s
tr
es
s,
 M
Pa
1,95E-04s-1 7,06E-04s-1
919s-1
83,6s-1
12,6s-1
7,0E-03s-1
0,9s-1
Flow stress (1.4318_ECSC, 10% uniaxial, 296K)
400
600
800
1000
1200
1400
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
Strain rate, s-1
Tr
ue
 s
tr
es
s,
 M
Pa
0,20
0,15
0,10
0,05
0,002
(a) (b)
Appendix B11: 1.4318 (ECSC) 10% uniaxial pre-strained high alloy TRIP steel: dynamic testing (296K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B12: 1.4318 (ECSC) 10% plane strain pre-strained high alloy TRIP steel: dynamic testing (296K).
(a): Dynamic flow curves; (b): Flow stress levels at increasing true plastic strain.
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Appendix B13: 1.4318 (ECSC) base material high alloy TRIP steel: dynamic testing (296K).
(a): Work hardening rate; (b): Differential n-value.
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Appendix B14: 1.4318 (ECSC) 5% biaxial pre-strained high alloy TRIP steel: dynamic testing (296K).
(a): Work hardening rate; (b): Differential n-value.
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Appendix B15: 1.4318 (ECSC) 10% uniaxial pre-strained high alloy TRIP steel: dynamic testing (296K).
(a): Work hardening rate; (b): Differential n-value.
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Appendix B16: 1.4318 (ECSC) 10% plane strain pre-strained high alloy TRIP steel: dynamic testing (296K).
(a): Work hardening rate; (b): Differential n-value.
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9.3. Appendix C: Thermal activation modelling results.
T Rp0.2 Rm Ag AL80 m' r2
K MPa MPa % % MPa MPa - J s-1 %
DC06_VDEh1 296 140 284 25,0 43,7 116,0 862,3 1,35 1,32E-19 2,33E+10 97,9%
DC04_VDEh1 296 185 299 23,3 40,4 168,0 939,5 1,86 1,43E-19 5,30E+10 98,9%
HC180B_VDEh1 296 200 310 20,9 37,1 181,5 997,8 2,05 1,38E-19 1,10E+10 99,1%
HX180YD_VDEh2 296 207 356 22,2 38,3 195,0 870,1 1,91 1,09E-19 2,82E+08 97,7%
HX220YD_VDEh2 296 228 366 22,4 37,6 212,0 970,2 2,10 1,15E-19 4,58E+08 96,7%
HX220BD_VDEh2 296 244 376 17,3 32,8 224,0 918,3 1,74 1,16E-19 1,19E+09 97,9%
HX260LAD_VDEh2 296 273 380 16,8 30,4 254,0 938,3 1,79 1,21E-19 4,63E+09 98,5%
HC260i_VDEh1 296 275 363 20,3 33,1 256,0 1343,3 2,96 1,34E-19 1,42E+10 98,0%
HC260B_VDEh1 296 274 382 20,3 33,2 259,0 1000,0 3,03 1,36E-19 1,05E+09 97,7%
1.4301_VDEh1 296 326 693 50,9 55,0 270,5 654,0 3,69 1,67E-19 7,03E+07 95,8%
DD13_VDEh1 296 293 352 16,4 31,8 272,0 877,0 1,98 1,48E-19 1,00E+11 99,1%
HX260YD_VDEh1 296 299 404 19,8 33,3 277,0 927,4 2,87 1,34E-19 7,47E+08 97,4%
HX300BD_VDEh2 296 310 419 16,0 31,1 282,0 957,2 2,38 1,30E-19 2,17E+09 96,7%
HC260P_VDEh1 296 315 439 18,4 30,1 296,5 869,6 3,01 1,37E-19 1,05E+09 97,4%
1.4301(HR)_VDEh1 296 352 645 42,3 49,8 306,0 1247,3 5,24 1,82E-19 8,13E+07 98,3%
HX340LAD_VDEh1 296 355 432 14,4 26,9 332,0 1102,6 2,70 1,64E-19 2,02E+11 97,9%
HCT500X_VDEh1 296 363 541 15,3 25,0 347,0 535,8 2,32 1,09E-19 3,33E+07 92,4%
1.4376_VDEh1 296 449 776 45,4 50,5 350,0 1089,3 1,82 2,13E-19 1,04E+14 97,9%
HCT600XD_VDEh2 296 375 676 14,8 20,8 353,2 542,0 1,74 1,02E-19 2,74E+07 96,8%
HC320LA_VDEh1 296 386 463 14,9 23,6 371,5 1266,4 2,74 1,71E-19 7,72E+11 97,7%
DD33X_VDEh1 296 397 576 16,8 24,9 393,0 679,5 2,40 1,13E-19 2,98E+08 96,9%
HCT690TD_VDEh1 296 420 706 20,1 25,1 400,0 207,8 3,50 5,26E-20 9,30E+02 96,1%
HCT600TD_VDEh2 296 432 649 23,8 30,5 411,0 761,1 6,25 1,72E-19 8,21E+06 87,4%
S380MC_VDEh1 296 462 497 10,9 20,8 440,7 985,6 5,13 1,37E-19 2,44E+07 90,0%
HX420LAD_VDEh2 296 501 574 12,7 19,8 474,0 614,7 1,88 1,34E-19 1,48E+10 91,7%
HCT780XD_VDEh2 296 546 830 13,9 17,8 533,8 824,5 6,39 1,73E-19 9,37E+06 94,3%
HCT780T_VDEh2 296 565 824 19,9 25,5 536,0 480,6 2,23 1,12E-19 1,64E+07 90,1%
HDT900C_VDEh1 296 914 963 8,0 12,1 878,0 847,5 2,17 1,68E-19 5,35E+13 96,1%
Steel grade i
 0
*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Appendix C1: Thermal activation fit parameter (yield strength, =0,002).
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K K K K K K K K K K s-1 s-1 s-1
DC06_VDEh1 328 401 444 497 515 243 296 328 367 381 3,4E-08 2,1E-04 1,7E-01
DC04_VDEh1 345 419 462 515 534 186 226 249 278 288 2,7E-09 3,4E-05 4,7E-02
HC180B_VDEh1 351 431 479 538 559 171 210 233 262 272 2,9E-09 2,6E-05 2,7E-02
HX180YD_VDEh2 320 407 461 533 559 167 213 241 279 292 5,0E-07 6,9E-04 1,7E-01
HX220YD_VDEh2 331 418 473 544 570 158 199 225 259 272 1,3E-07 2,6E-04 8,8E-02
HX220BD_VDEh2 320 401 451 514 537 183 230 258 295 308 2,9E-07 6,1E-04 2,1E-01
HX260LAD_VDEh2 319 395 441 499 519 179 221 247 279 290 1,8E-07 5,7E-04 2,6E-01
HC260B_VDEh1 378 474 534 610 637 125 157 176 201 210 4,5E-10 3,6E-06 3,5E-03
HC260i_VDEh1 339 416 461 518 538 114 140 156 175 181 1,1E-08 7,8E-05 6,9E-02
DD13_VDEh1 350 423 465 517 535 177 214 235 261 270 1,1E-09 1,9E-05 3,3E-02
HX260YD_VDEh1 377 475 535 613 641 131 165 186 213 223 6,1E-10 4,3E-06 3,7E-03
HX300BD_VDEh2 352 439 492 559 583 148 185 207 235 245 5,6E-09 3,1E-05 2,2E-02
HC260P_VDEh1 382 480 539 616 644 127 159 179 205 214 2,8E-10 2,5E-06 2,6E-03
1.4301_VDEh1 517 669 767 898 947 140 182 208 244 257 2,1E-15 1,3E-10 5,9E-07
1.4301(HR)_VDEh1 561 724 829 969 1021 107 138 158 185 195 2,2E-17 3,7E-12 3,6E-08
HX340LAD_VDEh1 380 457 501 555 574 140 169 185 205 212 1,4E-11 7,1E-07 2,9E-03
HCT500X_VDEh1 351 458 528 623 659 151 197 227 269 284 5,6E-08 7,8E-05 2,0E-02
HCT600XD_VDEh2 328 430 496 587 622 189 247 286 338 358 5,3E-07 4,4E-04 7,5E-02
HC320LA_VDEh1 380 454 495 545 562 139 166 181 199 206 5,6E-12 4,7E-07 2,7E-03
DD33X_VDEh1 330 420 476 549 576 137 175 198 229 240 1,6E-07 2,9E-04 8,7E-02
HCT690TD_VDEh1 314 557 840 1708 2478 90 159 240 487 707 7,4E-05 2,4E-03 3,4E-02
HCT600TD_VDEh2 588 783 916 1102 1174 94 125 146 176 188 4,6E-17 4,1E-12 2,5E-08
1.4376_VDEh1 411 478 515 557 572 226 263 283 307 315 1,9E-15 2,4E-09 1,1E-04
S380MC_VDEh1 445 584 675 801 848 87 114 132 156 165 7,6E-12 6,6E-08 6,7E-05
HX420LAD_VDEh2 338 414 459 516 535 180 220 244 274 285 1,2E-08 8,6E-05 7,5E-02
HCT780XD_VDEh2 586 779 909 1092 1163 92 122 142 171 182 4,6E-17 4,2E-12 2,6E-08
HCT780T_VDEh2 369 486 565 673 714 166 218 253 302 321 1,4E-08 2,3E-05 6,4E-03
HDT900C_VDEh1 329 384 414 450 461 152 177 191 207 213 1,2E-09 8,2E-05 3,9E-01
Steel grade
c c c
Appendix C2: Critical athermal strain rate, Critical athermal temperature Tc and Tmax temperature for
maximum 10 strain rate sensitivity (yield strength, =0,002).
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